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Abstract
Empirical understanding of fatigue crack growth from small defects is of tremendous 
importance and of significant concern for structural integrity of aerospace structures. In 
fatigue, a crack initiates from a stress concentration location and causes premature failure. 
In principle fatigue life for scribes and scratches is function of the stress concentration 
around the root which depends upon the depth and root radius of the scribe, the associated 
microstructure, the residual stress field, work hardening from plastic deformation during 
scribing and relaxation or redistribution of these residual stresses in fatigue. The scope of 
the present work is on determination of the residual stress field around scribe marks of 
different geometries and the effect of fatigue loading on the residual stress field.
The determination of a local residual stress field in a small area of 100 pm x 100 pm 
around shallow scribes (<150 pm deep) is a very challenging engineering problem. 
Additionally, the large grain size of A1 2024-T351 (-20 pm ), anisotropy between grains 
and texture makes further difficulties.
The residual stress field associated with scribes of different geometries produced by 
different tools has been measured using synchrotron X-ray diffraction. It was found that 
some tools produce a severe tensile stress field and work hardening around the root of 
scribe as compared to the other tools which also produce a tensile residual stress field but 
without work hardening.
Additionally, a method of extraction of residual stress has been developed using the 
nanoindentation load-displacement data. The method has been applied to extract residual 
stresses while taking into account the plastic deformation around scribe roots. The residual 
stress field of twenty nine scribes of different geometries produced from different tools has 
been determined from the nanoindentation method. Depending upon the tool and root 
radius, residual stresses were different in magnitude and were found in the range of 
+100MPa to +200MPa.
The effect of fatigue loading on the relaxation of pre-existing residual stresses was studied. 
It was found that stress field around scribes is not affected by fatigue loading.
It was concluded that fatigue life of these scribes should be examined with consideration of 
residual stresses. Any crack initiation and propagation model without consideration of 
residual stress fields may predict more conservative lives in fatigue.
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Chapter 1: Introduction
1.1 Description of Problem
Empirical understanding of fatigue crack growth from small defects is of tremendous 
importance for structural integrity of aerospace structures. In fatigue, a crack initiates from 
a stress concentration location and propagates under cyclic loading. In principle the fatigue 
life for scribes or scratches is a function of the stress concentration around the root which 
depends upon the depth and root radius of the scribe, the associated microstructure, 
residual stress field, work hardening from plastic deformation during scribing and 
relaxation or redistribution of these residual stresses in fatigue. Several investigations have 
been done in the past to address the issues associated with stress concentration and 
microstructural distortion around small damages but thorough understanding of the effect 
of residual stress around scribe marks and scratches is yet to be obtained.
There are many circumstances which could cause a scratch on an airframe but the most 
likely source of scratching is removing aircraft paint and sealant with sharp scriber tools. A 
maintenance task such as a re-paint or structural repair could necessitate the need to 
remove sealant from the exterior of the lap splice. Such a task would normally be 
performed manually using some form of sealant scribing. This scribing process may put 
scratches or marks that are not easily detected. These sharp tools produced scratches and 
such marks are called scribes.
The existence of unmonitored scribes on the structure of a large portion of an aircraft act as 
stress concentration areas and are declared as potential fatigue crack initiation points. In 
2003 two Boeing 737 aircraft were found with cracks emanating from scribe lines, one of 
which had two cracks in adjacent bays [1]. The scratches found ranged in size from 25- 
150 pm . As a result of the inspections, numerous other aircraft were found with similar
damage including two 747 aircraft with 30 inch cracks in butt joints. In November 2003 a
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Flight Standard Bulletin for Airworthiness FSAW 03-1 OB was issued by Boeing, entitled: 
Fuselage Skin "Scribe Mark" Damage on Boeing 737 Aircraft [1], This bulletin reports 
about damages along fuselage skin lap joints, butt joints, and other areas of several aircraft. 
These damages appear to have been caused by the use of sharp tools used during paint and 
sealant removal (possibly made of metal, certain woods or hard plastic material) for 
removal of the sealants at the structural joints in the skin during the repainting process. 
This use of sharp instruments can result in lines scribed in the fuselage skin. Components 
with scribe marks cannot be treated as pristine and there may be degradation in life 
promoted by the defect. So characterization of fatigue lives of scribes of different 
geometries and depths is of significant importance for the aerospace engineering 
community. There are countless ways by which scribes can be produced in service but 
previous research on this topic has generally investigated sharp scratches or scribes which 
were considered most likely to propagate in fatigue due to sufficient stress concentration 
around root. All of those scribes can be characterized solely by parameters such as depth, 
included angle and root radius. Tools used in studies for creating scribes have been rigid 
steel or cutting tools.
The distribution of damage controls the initiation and early growth of fatigue cracks from 
scribe marks. Under fatigue, residual stresses are responsible for changing mean stress 
value and thus accelerate the crack growth if they are tensile or retard crack growth if 
compressive. Unfortunately the ability to measure local residual stress-strain fields around 
the scribes is a difficult experimental problem in view of the presence of high stress 
gradients around the scribe root. To probe these local residual stress fields experimental 
techniques are required that have spatial resolution of the order of few microns for which 
synchrotron X-ray diffraction is an ideal technique. Synchrotron X-ray methods are well 
suited to the investigation of residual stresses in the near-surface regions of engineered 
components. High intensity and low divergence allows small gauge volumes to be defined
in order to study stress fields existing over a range of several hundred microns.
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In this study scribes have been produced with diamond-tip cutting tools of root radii 5, 25 
and 50 pm .
1.2 Scope of This Work
This thesis will focus on development of a method to measure residual stresses around 
scribe marks on A1 2024-T351 with and without cladding. This will take into account the 
effect of the tool with which the scribes were produced along with the depth and root 
radius of the scribe. It will discuss the development of the technique to measure residual 
stresses from nanoindentation and subsequently validation of measurement results with 
synchrotron X-ray diffraction.
The thesis will examine the plastic deformation around scribe marks produced by different 
tools and the effect of this plastic deformation on method developed for extraction of 
residual stresses using nanoindentation data will be reported.
Chapter 2 reviews the current literature available relevant to this thesis and explains the 
type of scribe marks that can be created. It discusses the efforts that have been made in 
earlier studies towards fatigue life prediction of scratches and scribe marks.
Chapter 3 discusses the characterization of A1 2024-T351 and Al-cladding from 
nanoindentation. The chapter explains the procedure of getting true mechanical properties 
including hardness and elastic modulus from nanoindentation load-displacement curves. 
The study is supported by atomic force microscopy (AFM) and scanning electron 
microscopy (SEM).
Chapter 4 discusses the type of scribe marks that have been studied in this project. 
Different scribe marks from 50 to 150 pm of depth and 5 to 50 pm root radius have been
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studied and subsequently their local hardness has been reported. This includes 
investigation of effect of fatigue loading on the hardness around scribes as well.
Chapter 5 explains the development of the finite element model for nanoindentation for A1 
2024-T351 and A1 cladding. It explains forward and reverse analysis techniques to extract 
the nanoindentation properties from load-displacement curves from simulation and 
comparison with experimental results.
Chapter 6  explains the effect of residual stresses on nanoindentation properties. It provides 
detail about experimental and finite element simulations results for the effect of residual 
stresses on nanoindentation properties. A methodology has been developed to obtain the 
correct area of contact from nanoindentation load-displacement data rather than from 
AFM. Based on true contact area results, an empirical relation has been developed to 
calculate the residual stresses.
Chapter 7 investigates residual stress fields around scribes using synchrotron X-ray 
radiation. The chapter discusses the experimental set-up, the significance of the model 
alloy used and its relevance to the in-service alloy. Residual stress fields around scribes 
produced from different tools have been investigated and a correlation has been developed 
for two tools which produced 5 pm root radius scribes.
The chapter also discusses the peak width data from synchrotron X-rays for explanation of 
plasticity present around scribe roots, which have been validated by nanoindentation 
hardness measurements.
Chapter 8  discusses application of the developed technique in chapter 6  to residual stress 
measurement around scribes. Firstly, results of residual stress measurement from the 
nanoindentation method have been validated using synchrotron X-rays. In the later part of
4
the chapter, nanoindentation method has been applied for other scribes for which 
synchrotron data was not available.
The effect of fatigue loading on residual stresses around scribe marks has been investigated 
as well in this chapter. Two types of mode of fatigue loading have been investigated.
Chapter 9 includes a summary of the investigations carried out in this work and 
suggestions for further work.
1.3 References
[1] Federal Aviation Authority. Flight Standards Information Bulletin for Airworthiness 
(FSAW): 03-1 OB Fuselage Skin “Scribe Mark” Damage on Boeing 737 Aircraft. Effective 
20 November 2003, amended 31 March 2004.
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Chapter 2: Literature review
2.1 Scribe Marks
2.1.1 W hat are Scribe M arks?
Degradation processes in terms of mechanical damage, corrosion and fatigue affect service 
lives of aircraft. During service the damage due to these processes increases continuously. 
In service life, scratches and corrosion pits on fuselage structural areas may turn into 
propagating cracks owing to the use of structural materials in thin highly stressed sections 
to reduce fuel consumption. There are many circumstances which could cause a scratch on 
an airframe but a typical instance is removing aircraft paint and sealant with sharp scriber 
tools. A maintenance task such as a re-paint or structural repair could necessitate the need 
to remove sealant from the exterior of the lap splice. Such a task would normally be 
performed manually using some form of sealant scribing. The tools used for removal of 
sealant and paints are normally of sharp geometries with material harder than aluminium. 
This scribing process may put scratches or marks that are not easily detected. These sharp 
tools produced scratches and marks are called scribes.
Fig. 2.1 - Scribe m ark on a fuselage [29]
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2.1.2 How Scribe Marks are Simulated for Laboratory Tests
Components with scribe marks can’t be treated as pristine as it is a non-conservative 
approach and there may be degradation in life caused by the defect. So characterization of 
fatigue lives of scribes of different geometries and depths is of significant importance for 
the aerospace community. There are countless ways by which scribes can be produced in 
service but previous research [2 -8 ] on this topic has generally investigated sharp scratches 
or scribes which were considered most likely to propagate in fatigue due to a high stress 
concentration around the root. Such scribes can be characterized solely by parameters such 
as depth, included angle and root radius. Tools used for creating scribes have been rigid 
steel or cutting tools.
To replicate sharp in-service scribes in the laboratory, scribe marks can be produced from 
multiple techniques based on controlled or uncontrolled application of force. Nader [2] and 
Talia et al. [3-4] produced scratches in A1 2024-T3 by using the sharp comer of an end mill 
which created neat scratches that had an included angle of 90 degrees and tip radius of 
84 pm . Kyle [6 ] used a high speed steel tool on an automated milling machine to produce 
scribes in Al 7075-T6 with pure aluminium cladding. Morency [7] used a diamond-tip 
cutting tool on milling machine and produced scribes of 5 pm root radius in Al 2024-T351 
with and without cladding. Walmsley [8 ] used plastic scrapers, Stanley knife blades and 
sharpened sheet aluminium strips and produced scribes with manual force in Al 2024-T351 
with cladding.
In this study scribes have been produced with a diamond-tip cutting tool with the same set­
up used by Morency [7] but with different tools of root radii 5, 25 and 50 p m .
2.1.3 How Different Types of Scribes can be Produced
In the production of scribes using cutting tools, there are several basic attributes included 
depth of cut, rake angle, clearance angle and wedge angle that define the action of a cutting
tool and hence its influence on the surrounding material [28]. The force involved in 
removal of material from the sample surface imposes significant changes to the 
surrounding material due to deformation. The deformed material that surrounds the 
removed material region is work hardened, the amount of which is proportional to the 
amount of deformation. The degree of deformation apparent from material removal is 
dependent on the tool rake angle and the depth of the cut made.
Scribes produced from the tool from a milling machine can be of two types based on the 
type of wear around scribes. They can be classified as ‘cut’ or ‘ploughed’ and have 
significant differences in their characteristics. For scribes obtained through a ‘cut’ process, 
a very smooth scribe track is obtained, with very little deformed material around the scribe. 
Very little debris around the scribe track is present, so the tool removes the material by a 
cutting action, rather than by plastic deformation and displacement of material. On the 
other hand, for ‘ploughed’ scribes, a large extent of material displaced around the scribe 
track is obtained with a ‘rough’ scribe track with deformed material or debris around 
scribe. The scribing of the surface shows large amount of plastic deformation and 
displacement of material, rather than a cutting action by which material is simply removed. 
Kyle [6 ] used the same tool to produce ‘ploughed’ and ‘cut’ scribe by changing the 
direction of sliding of the tool as shown in Fig.2.2 (a) and (b). This change in direction of 
sliding effectively changes the characteristics of the scratch.
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(b)
Fig. 2.2 - Scribe of type (a) Cut and (b) Ploughed (Kyle [6 ])
Scribes used in this study were produced with different tools capable of producing scribes 
of different root radii. Two tools were used for scribes of 5 pm root radius designated as 
tool ‘A ’ and ‘B \ while tool ‘C’ and ‘D ’ were used for 25 pm and 50pm root radius. The
9
reason for using two different tools for 5 pm root radius scribes was the different 
behaviour of these two tools. It was found that tool A was capable of producing ‘ploughed’ 
scribes while tool B produced scribes with ‘cutting’. It was found that to get a mechanism 
of ‘ploughing’ or ‘cutting’, direction of sliding does not necessarily need to be changed, 
but different tools having different rake angles and angle of tip are capable of producing 
these different mechanisms of wear.
2.2 Fatigue Life of Scribes
Fatigue of a material is the effect of repetitive cyclic loads that are considerably less in 
magnitude than the yield strength of a material. Fatigue in metals is now well understood 
and the initiation and growth of fatigue cracks can initiate at stress concentrating features 
within a structure. These stress concentrations are caused by the geometrical design of the 
components, local damage such as scribes or scratches, or by localized slip on 
preferentially-oriented grains during cyclic loading.
Stress concentrations such as scribes, notches or scratches can cause the premature 
initiation of fatigue cracking and significantly reduce the fatigue life of aircraft structural 
components [2-4]. The presence of a notch results in an increase of the local stress at the 
tip of the notch compared to the nominal stress in the component. At sufficiently high 
nominal stresses the local stress at the notch tip can exceed the material yield strength. This 
leads to local plastic deformation which in the case of cyclic loading will decrease the 
fatigue life of the component [19]. Even at lower stresses where there is no plasticity the 
high local stresses at the notch tip cause earlier fatigue crack initiation. It is therefore 
important to be able to assess mechanical defects such as notches, scratches and scribes in 
terms of calculation of the service life at which fatigue cracks are initiated and secondly 
prediction of the subsequent life to failure.
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‘Stress life’ and ‘Strain life’ approaches are used to calculate crack initiation. In the ‘stress 
life approach’, it is assumed that there is no plastic deformation and all of the stresses 
present in the region ahead of notch/scribe tip are elastic. This approach quantifies stress 
concentrations from the elastic stress concentration factor K t . This approach becomes
inapplicable for the case of scribes where cyclic plasticity occurs during fatigue cycles.
The ‘Strain life’ approach relates the far field strains to strains near notch while 
considering plasticity. It is based upon the cyclic stress-strain behaviour of the material. 
From this approach the cycles required to initiate a fatigue crack can be predicted. 
Although this approach is used extensively for crack initiation, it gives a conservative life 
for a crack to initiate from shallow notches or scratches of the size same as scribes.
For propagation of a crack, if the scribe is considered as a propagating crack, Linear 
Elastic Fracture Mechanics (LEFM) can be used to calculate the life to failure. As this 
approach ignores the number of cycles to create a crack, this approach can give very 
conservative lives.
It is difficult to predict the initiation and propagation of cracks from scribes and treating 
the component with a scribe as pristine will be non conservative as there may be 
degradation in life caused by the defect. In view of these difficulties, earlier experimental 
studies were carried out to characterize fatigue life of scribes and scratches [2-8]. All of the 
studies reported a reduction in fatigue life with the presence of surface scratches. Nader [2] 
investigated the influence of scratch position on the fatigue of Al 2024-T3. Specimens with 
scratches on one edge, two edges and full width were tested and showed variability in the 
fatigue lives. He showed that the primary factors influencing the fatigue effects of 
scratches are the depth, the scratch tip radius and to a lesser extent the included angle of 
the scratch. He found that scratches as deep as 100 pm could reduce the fatigue life as 
much as 95%. Talia [3-4] reported for Al 2024-T3 with a scratch of 100 pm depth in 2mm 
thick plates of clad Al 2024-T3, a reduction in fatigue life of 95% compared to the
undamaged pristine specimen is seen, at a maximum stress of 345MPa. As the maximum 
stress is decreased, the fatigue life for the same scratch depth increases. It was shown in 
Talia [4] that the crack growth rate increases with increase in depth of the scratch. For 
scratch depths of 20 pm , 50 pm and 100 pm , the fatigue crack growth rates were 
approximately 1.5, 4 and 10 times the rate of unscratched specimens. Inchekel [5] 
examined the effects of a centre scratch compared to a full width scratch. In terms of 
overall fatigue life, results from both studies revealed that a centre scratch had virtually no 
effect when compared to an unscratched specimen. Conversely, a full width scratch 
produced approximately the same reduction in fatigue life as one or two edge scratches. 
Kyle [6 ] used a high speed steel tip and produced scribes of 50 pm root radius in Al 7075- 
T6  with cladding. He concluded that scratches that terminate in the clad layer produce 
reductions in fatigue life of 40-45% compared to pristine specimens, only for stress 
concentration factor K t greater than 3. However, scratches that terminated in the substrate
did not produce this reduction in fatigue life as seen in previous research by Nader [2]. 
Kyle [6 ] found that for ‘plough’ scratches the upset clad layer showed signs of work 
hardening but the substrate remained unchanged. He also found negligible difference 
between whether a scribe was made by a ‘cut’ or ‘plough’ process. However, the results 
did not show a significant reduction in fatigue life with scribe depth as concluded by Talia 
et al. [3-4] who observed fatigue life reductions of up to 95% on clad 2024-T3 coupons of 
2 0 0  pm thick clad layer that had scratch depths of 1 0 0  pm and were cycled at a maximum 
stress of 345 MPa.
Morency [7] utilised a diamond tip cutting wheel with a 5pm tip radius. He found that clad 
2024-T351 was much more susceptible to fatigue crack initiation from any depth of scratch 
compared to unclad material. Up to 80% life reduction was found for 200pm deep 
scratches in clad 2024-T351 aluminium. However, for bare 2024-T351, only the deepest 
scratches (200pm) caused fatigue crack initiation. He also observed that all scratches
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initiated some form of fatigue cracking. However, sometimes the cracks propagated slowly 
or ceased propagating so that the test coupon either ran-out or failed at a location other 
than the scratch.
Walmsley [8 ] used plastic scrapers, Stanley knife blades and sharpened aluminium strips to 
produce scribes in A1 2024-T351 with cladding. He found that plastic scrapers were 
incapable of producing scribes in clad layer whilst aluminium strips and a Stanley knife 
blade produced sharp scribes. Scribes from the Stanley knife blade penetrated through the 
clad layer and into the substrate and were of ‘plough’ type of scribes with deposition of 
plastically deformed material around the scribe root. Scribes produced from the aluminium 
scrapers were different from the Stanley knife. Scribes penetrated only in clad layer and 
not into the substrate which was attributed to high the hardness of A1 2024-T351. 
Walmsley tested these scribes in fatigue and found that only 2 out of 8  samples failed from 
the scribe.
All of these studies showed a random trend of fatigue lives for scribes. In some cases [2-6] 
samples failed from scribes whilst in some cases failure occurred elsewhere [7-8]. In some 
cases only initiated cracks from scribes were found which never propagated [7]. All of 
these different outcomes of fatigue results from different earlier studies make it very 
difficult to predict fatigue lives of scribe marks.
2.2.1 Role of Residual Stresses in Prediction of Fatigue Life
Further research is being carried out to estimate the fatigue lives of components having
small damage [9-17]. Most of the research has been towards characterization o f the effect
of foreign object damage (FOD) on turbine engine blades in titanium alloy Ti-6A1-4V. In
these studies FOD is created with impact on specimen from projectiles of different size and
shapes with different velocities. Several aspects including residual stresses, have been
discussed and in almost every study residual stresses has been cited as a very important
factor in affecting fatigue lives. However, very little work has been made on the
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measurement of initial residual stresses around these FODs and the effect of fatigue
loading in the relaxation of these residual stresses. Nowell et al. [9] investigated the effect
of notches on fatigue life of Ti-6A1-4V. The effect of impact angle which created the
notch, leading edge radius and subsequent angle of damage on fatigue life was
investigated. They found that with increase in notch depth fatigue life decreased
significantly. Their experimental fatigue results were different with different approaches
for short cracks and they believed that information about residual stress around root of the
notch was necessary in their analysis; but they found it difficult to measure which was the
main reason for the difference in their results. Ruschau et al. [10] investigated the fatigue
behaviour of the same titanium alloy with FODs resulting from high-speed impact of small
glass spheres. They concluded that not only the depth of the damage is correlated to a drop
in fatigue life but small tears, notches etc. around damage caused by the FOD impacts
changed the residual stress field and appeared to influence the fatigue strength more than
the depth. They found that their fatigue data had a large degree of scatter with impact angle
and attributed it to residual stresses around the damage. They also investigated the
influence of impact angle on the residual stress field around the damage site and found that
a 0 ° angle impact creates a large compressive residual stress field while for an angle of
impact from 1 5 -1 6 ° , tensile stresses are created and the fatigue strength decreases as
much as 60%. Oakley and Nowell [11] working on the same titanium alloy with FOD
concluded that without consideration of residual stresses the fatigue results were
misleading and even if the residual stresses before fatigue are known then simple elastic
superposition of residual stress on the stress ratio (R) did not resolve the problem. It was
suggested that the residual stress field generated by the impact may not relax during the
first few cycles of fatigue loading and FE analysis of fatigue in presence of damage was
recommended. Thompson et al. [12] conducted fatigue testing on the same titanium alloy
with FOD and compared the results to fatigue of samples which were stress relieved by
annealing. They found that the fatigue strength increased for stress relieved samples. Peters
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et al. [13-14] conducted fatigue testing of FOD on the same titanium alloy and observed 
that the fatigue life decreased by three times as compared to samples without FOD. 
However, they found that the propagation of small cracks from the damaged zone was 
slow as compared to naturally initiated small cracks, and attributed this to plastic 
deformation induced by foreign object impact which suppressed planar slip bands by 
making slip distribution more homogeneous.
Although all of the studies discussed above mentioned the residual stress field around 
damage as a main factor for decrease in fatigue life, none of the studies had any 
measurement of the resulting residual stress field due to FOD, and consequently failed to 
predict fatigue lives. The residual stress introduced in the material, if significant, will have 
an effect on the fatigue properties. Tensile or compressive stress may develop in the 
material depending upon the damage mechanism. Boyce et al. [16] measured the residual 
stress field around FOD using synchrotron X-ray diffraction and found that the initial 
residual stress around the damage was high tensile and was 40% of the yield stress. They 
emphasized that the initial residual stress state is substantially reduced by relaxation or 
distribution during fatigue loading and may reduce by 30-50% of its initial value after first 
fatigue cycle. In another study [17], focussing on relaxation of these residual stresses, they 
concluded that initial residual stress state around FOD can decay significantly in fatigue 
depending upon the applied stress. For Ti-6A1-4V, they obtained very little relaxation for 
0.35 o Y but for a higher applied stress of 0.54 c Y this relaxation reached 50%. They 
observed that decay of the residual stress state was only during the first cycle and 
subsequent cycles showed very little further relaxation.
In view of failures in prediction of fatigue life of FOD components, without consideration
of residual stress, it is evident that residual stresses play significant role in fatigue
propagation of scribe marks. With the different conclusions of Kyle [6 ] and Talia et al [3-
4] of the dependence of fatigue life on scribe depth, the different behaviour of clad and
unclad shown by Morency [7], and no such effect of scribes on fatigue life observed by
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Walmsley [8 ], it can be concluded that there is an important parameter of residual stress 
which has not been investigated in these studies. Not only the initial residual stress field 
need to be investigated to accurately predict fatigue life of scribes or FOD, but behaviour 
of these residual stress fields during fatigue is important and the degree of relaxation of 
these residual stresses needs to be assessed.
2.3 Measurement of Residual Stresses
There are different techniques of measurement of residual stresses, dependent upon the 
type and length scale of residual stress field. Residual stresses can be classified into three 
categories [31]:
1-Type-I residual stresses are stresses which vary continuously over large distances across 
several grains and may exist over a area of several centimetres. These types of residual 
stresses are also called Macrostresses.
2- Type-II residual stresses are the stresses which vary over the grain scale, one grain or 
partial grain of a material. These stresses occur due to anisotropy in the material.
3- Type-III residual stresses are the stresses which vary over submicroscopic areas of a 
material at the atomic scale.
From earlier studies on residual stress measurement around FOD [9-17] of similar same 
geometries, it was anticipated that scribe marks of depth ranges 50 pm to 150 pm produced 
from different tools may have residual stresses up to 1mm around scribe root. So it can be 
said that scribe marks produce type-I residual stresses but in a very small region around 
scribe root.
2.3.1 Methods of Residual Stress Measurement
In this section, the techniques currently most widely used for residual stress measurement
will be briefly presented and their viability for measurement of small residual stress fields,
such as around scribe marks, will be assessed.
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Destructive M easurem ent Techniques
In destructive techniques, material is removed from a sample from the regions of interest 
and stress relaxation occurred in the remaining material. The change in strain, so obtained, 
is used to evaluate the residual stress that existed at in the removed material. The change in 
strain is usually measured by strain gauges.
2.3.1.1 Hole Drilling
In this technique a hole is drilled and strains are measured using a rosette of strain gauges. 
The stresses are relaxed when any region is drilled, thereby providing data for the back- 
calculation of residual stresses [30-31]. The diameter of the hole typically ranges from 1- 
4mm and hence the spatial resolution of this method is not high enough to measure the 
residual stress field around scribe marks.
Fig. 2.3 - Drilling of a hole in a strain  gauge rosette [30]
2.3.1.2 C ontour M ethod
In this method the surface deformation contour is measured after cutting a component into 
two parts by the means of electro discharge machining (EDM). With the assumption that 
the contour is caused by elastic stress relaxation the residual stress normal to the cut
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surface in the original sample can be determined using Finite Element Modelling [32-33]. 
As this technique requires cutting of surface in to two parts and with scribes of even 
highest depth ~2 0 0 um it is very difficult to cut so it can not be applied to measure the 
residual stress fields around scribe marks.
+ = Tension y
- = Compression Original sample
(a) t l x
s  + with residual stressX
> x
Cut
y  % Analytically force 
surface flat to 
compute residual 
stress
Fig. 2.4 - Principle steps in the contour method
Other destructive techniques included the ‘Ring Core Method’, ‘Curvature Method’, ‘The 
Sachs Method’, ‘Compliance Method’ etc., and all of these methods have similar problems 
of either spatial resolution or removal of material or both [31]; hence no destructive 
technique is feasible to measure the very small residual stress field around scribe marks.
Non-destructive Measurement Techniques
2.3.1.3 Ultrasonic Method
In this method ultrasonic waves are passed through a material and the velocity of the wave 
is affected by the variation of stress in the material [31]. This effect is used for residual 
strain measurement. As this technique gives an averaged stress along the entire ultrasonic 
path, it is hence not suitable for scribe marks.
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2.3.1.4 Magnetic Methods
The principle of this method is based on the interaction between magnetization and elastic
strain in ferromagnetic materials. The method calculates stresses from abrupt motion of 
ferromagnetic domain walls [31]. This method is restricted to ferromagnetic materials and 
as aluminium is non-ferromagnetic, this method can not be applied for scribe marks in 
aluminium alloys.
2.3.1.5 Diffraction Methods
In diffraction methods, the interplanar atomic spacing is used as a strain gauge. A 
monochromatic beam of wavelength near to magnitude of atomic spacing is directed to the 
material under examination. The principle of X-ray diffraction measurement is based on 
Bragg’s law in which shifts in the Bragg peak give the strain for particular {hkl} plane. 
The essential condition which must be met for diffraction is called Bragg’s law and can be 
described as;
Where d 0 is the lattice spacing of the unstressed crystal for any given set of hkl planes,
2 0 o is the angle between the incident beam and the diffracted beam on the unstressed
crystal, n is an integer and X is the wavelength of the incident monochromatic beam. 
Differentiating eq. 2.1 gives,
Where a is the lattice parameter under strain and a 0 is the lattice parameter without strain.
Different diffraction methods include Synchrotron X-rays, Neutron diffraction, Laboratory 
X-ray diffraction and Electron diffraction. Fig.2.5 shows an overview of the different
n^, = 2 d 0 s in 0 o (2.1)
e = d d ° = -(e -  e0 )cot 0O
do
(2 .2)
Strains can also be written in terms of lattice parameter as;
(2.3)
destructive and non-destructive measurement techniques with their spatial resolution 
capability for measurement of residual stresses. The requirement for scribe marks are that 
technique should map near surface stress fields up to 1 mm around scribe root and to get 
sufficient data points in this region a very high spatial resolution of -10  to 50um is 
required. Based on these criteria Synchrotron X-rays was selected as measurement 
technique due to its excellent ability to map near surface measurements. Synchrotron 
sources with high level of brilliance (e.g ESRF) [18] provide very narrow, intense X-ray 
beams with very low angular divergence which results in high spatial and angular 
resolution.
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Fig. 2.5 - Com parison of length scales of residual stress m easurem ent techniques 
(courtesy M. E. F itzpatrick, Open University course book T357)
Synchrotron X-rays are a relatively new and rapidly developing technique which allows 
fast internal strain mapping with very high spatial resolution. Synchrotron X-rays are 
differentiated from conventional laboratory X-rays by their high energy and intense photon 
flux which increases penetrability to many millimetres as compared to the few tens of 
microns by laboratory X-rays.
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Owing to their high energy the wavelength of synchrotron X-rays are an order of 
magnitude less than the inter-atomic spacing of normal engineering materials, which 
makes the diffraction angle much smaller. This characteristic of synchrotron radiation 
makes it suitable for measurement of in-plane strains in transmission while it is not feasible 
to measure the out-of-plane strain direction in reflection due to the larger path length in the 
reflection geometry.
2.3.1.6 Principle & Methods of Synchrotron X-ray Diffraction
A synchrotron consists of a circular vacuum pipe in the horizontal plane through which 
electrons circulate. This vacuum pipe is known as the storage ring. In synchrotron sources, 
electrons emitted by an electron gun are first accelerated in a linear accelerator. The 
electrons are then transmitted to a storage ring where the electron path is bent inside a 
multiple sided polygon using electromagnets known as bending magnets. The trajectory of 
electrons inside the storage ring is controlled by powerful electromagnets as shown in Fig. 
2 .6 .
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Fig. 2.6 - Schematic diagram of synchrotron X-ray storage ring (Riekel [18])
When the electrons pass through the magnetic fields of the bending magnets the electrons 
are radially accelerated. When electrons are accelerated they emit electromagnetic 
radiation which is known as synchrotron radiation. The synchrotron radiation consists of a 
range of frequencies from infra-red light to hard X-rays.
For electro-magnetic radiation the energy of a photon E in terms of frequency v is given 
as
E = hv (2.4)
For an electromagnetic wave the velocity of particles is constant and equal to;
C = Xv (2.5)
Equations 2.4 and 2.5 give the relation between energy and wavelength of radiation 
expressed as
E = —  (2.6)
X
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Where E is in KeV and X is in angstroms (A).
Strain measurement by synchrotron X-rays can be done in two ways; by using a 
polychromatic beam or by using monochromatic beam. Utilising equation 2.2 the lattice 
strain is measured. Where a monochromatic beam is used the white synchrotron radiation 
emitted in the storage ring is passed through a crystal monochromator. By adjusting the 
incidence angle of the monochromator, a particular energy level is selected by Bragg 
diffraction which is used as an incident synchrotron X-ray beam.
In the experimental set-up, the white synchrotron X-ray beam from the storage ring is first 
collimated in one plane by passing it through focussing mirrors. The beam is then passed 
through the monochromator crystal which also helps in collimating the beam in the other 
plane. In order to reduce the variation of the wavelength range, often two single crystal 
monochromators are arranged in a manner so that the diffracted beam from the first 
monochromator becomes the incident beam in the next monochromator at the same angle. 
The incident beam is then passed through a slit system which controls the incident beam 
spot size. Due to very high energy and low wavelength in synchrotron X-rays the 
diffraction angle is very low. The low diffraction angle, as shown in the Fig.2.7, causes 
significant elongation of gauge volume along the direction of the incident beam. The 
vertical opening of the incoming and receiving beam slits determine the gauge volume.
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Beam Incident
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Fig. 2.7 - Schematic representation of strain measurement in (a) reflection mode (b)
transmission mode
In strain scanning the diffracted beam from the sample can be passed through an analyser 
crystal, which precedes the detector. Analyser crystals are single crystals that stringently 
define the diffraction angle. The diffracted beam detected after the analyser crystal has 
high spatial and angular resolution. In the diffraction spectra intensity is plotted as a 
function of the diffraction angle and accurate angular positioning determines the inter- 
planar spacing of the selected crystallographic plane.
In a typical experimental ‘hutch’ at a synchrotron source, detectors are mounted on a 
circular table in the vertical plane. The sample is mounted on positioner which is placed on 
a smaller circular table in the vertical plane and concentric with the omega table. With this 
arrangement the 0 - 2 0  diffraction geometry is maintained by individual movement of the 
two tables. The sample holder is fitted with a translational motor which can move the 
sample across the gauge volume and strain maps can be obtained rapidly.
2.4 Nanoindentation
Although synchrotron X-rays diffraction can be used to map local stress field and plasticity 
around scribe marks, to get good diffraction statistics the gauge volume should contain
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sufficient number of grains. Due to the large grain size of Al 2024-T351, a larger gauge 
volume will be required which will give an average value over that gauge volume. For a 
very local residual stress field with high gradient around scribes this could lead to 
conservative measured strain values. Hence, a complementary technique is required which 
can map residual stress fields and local plasticity with a spatial resolution of 5 -1 0 pm. It 
has already been discussed that for conventional residual stress measurement techniques, 
only synchrotron X-rays can be used, which has the highest resolution.
Depth sensing indentation, although not considered as a residual stress measurement 
technique, allows determination of mechanical properties at very low loads by driving an 
indenter into the material surface and subsequently recording the load-displacement data. 
As the indenter is driven into the material, both elastic and plastic deformation processes 
occur. There have been some studies carried out about sensitivity of nanoindentation load- 
displacement data with residual stress [20-27]. By keeping the diameter of the indent in the 
range of 5 -1 0 pm , elastic-plastic information around scribe marks can be obtained. This 
elastic-plastic information in the form of load-displacement data can be used to extract 
residual stresses. This will provide an opportunity to measure residual stress field around a 
number of scribe marks and to compare with synchrotron X-ray diffraction results. 
Another benefit of nanoindentation over synchrotron X-ray diffraction is that it is readily 
available in laboratories while Synchrotron sources are highly sophisticated international 
facilities and beam time is allocated by international peer review. These facilities are 
heavily over-subscribed and getting beam time is not trivial.
2.5 Conclusions
A brief review of previous studies of the effect of scribes on fatigue life has been presented 
and the significance of residual stresses in prediction of fatigue life has been discussed. 
There hasn’t been considerable work done so far in determination of residual stresses
25
around small damages amidst difficulties in determination of such small and local residual 
stress fields. Consequently, all of the previous studies failed to predict fatigue life of small 
damages such as scribes and scratches. It has been concluded that to measure such local 
and small residual stress fields, synchrotron X-ray diffraction along with nanoindentation 
load-displacement data can be used, however it is a challenging task.
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Chapter 3: Characterization of Aluminium-clad and Al 
2024-T351 by Nanoindentation
3.1 Introduction
Nanoindentation testing at low loads is a successful technique for the study of mechanical 
properties of materials. Low load testing allows determination of mechanical properties at 
penetration depths as low as 2 0 nm, which gives full insight into the mechanical properties 
of surfaces. The possibility to carry out tests at such small scales makes this technique one 
of the very few tools capable of characterizing mechanical properties around very small 
features like scratches, scribes, corrosion pits, cracks etc. Nanoindentation records load- 
displacement data during the loading and unloading phase of testing and this makes it an 
ideal technique to study the deformation mechanisms of materials. This load-displacement 
data works as a finger print for every material. It also shows sensitivity to residual stresses 
and with careful study of load-displacement data (or curve), residual stresses can be 
extracted.
The overall aim of this project is to extract residual stresses around scribes with depth of a 
few hundred microns in Al 2024-T351 and Al-cladding from nanoindentation. This 
extraction can only be carried out once the response of the stress free or bulk material is 
known in terms of its characteristic load-displacement curve. So to accurately characterize 
load-displacement curves obtained from nanoindentation a comprehensive study has been 
carried out. Nanoindentation has traditionally been developed and applied to hard ceramics 
materials and coatings, and hence existing methods to analyse raw data of load- 
displacement do not provide optimized results for relatively soft materials such as 
aluminium alloys. This chapter discusses the behaviour of low hardness materials for 
nanoindentation and subsequently required amendments to available methods which work 
relatively well for hard materials but provide poor estimates for soft materials like
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aluminium alloys. To obtain accurate properties from nanoindentation, hardness and 
modulus were obtained at several depths of penetration. This study will reveal optimized 
testing parameters like depth of penetration, maximum load, drift rate, area of indent, pile- 
up around indents for Al 2024-T351 and Al-cladding. These optimized parameters will be 
used in extraction of residual stresses from nanoindentation load-displacement curves.
The mechanical properties of A12024-T351 and the Al-cladding over this alloy were 
calculated from Nanoindentation. Depth sensing indentation technique allows the 
determination of mechanical properties at very low loads by driving an indenter of known 
geometry into the material surface by applying a known load and subsequently analyzing 
the load-displacement data from Oliver-Pharr Model (O-P) [1]. As the indenter is driven 
into the material, both elastic and plastic deformation processes occur, producing a 
hardness impression according to the shape of the indenter.
When indenting aluminium alloys, due to their low hardness and small strain hardening 
exponents, pile-up around indents start to occur even at low loads [8 , 13]. This is a process 
in which some of the deformed material starts to deposit around the edges of the indents. 
This phenomenon is characteristic of materials with a high E / g y ratio and less work 
hardening [5, 7, 13]. Earlier studies have shown that for materials with E / g y >100, pile-up 
starts to occur, and increases continuously with an increase in this ratio [7]. This pile-up 
critically affects nanoindentation hardness and modulus calculations as the actual contact 
area between the material and indenter tip includes the area contained in the pile-up. Most 
models for analysis of nanoindentation data do not take into account pile-up area and 
underestimate the actual area, which results in an overestimate of the calculated values of 
modulus and hardness [2,4, 9, 12-13].
Atomic force microscopy (AFM) can be applied to measure the ‘true contact area’ of the 
indentation [2, 8-9]. Hardness calculated using the area measured with AFM is most 
directly comparable to traditional hardness testing in which residual area is measured using
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optical microscope. However, measurement of area from AFM allows material to relax 
between indentation and scanning with AFM, so AFM measured values of residual depth 
are less than those measured by the nanoindentation [7] and consequently provides lower 
values of hardness. Additionally sources of error such as tip convolution effects can lead to 
errors in the estimation of the area using the O-P model, and the area of the indentation 
itself cannot always be clearly defined from AFM imaging.
Another approach, which is termed ‘work of indentation’, can also be used for estimation 
of the hardness from nanoindentation [2, 13]. In this method, the elastic, plastic or total 
work of indentation is calculated from the nanoindentation load-displacement curve. These 
different terms of work of indentation can be used to calculate hardness without the need to 
calculate the area of indentation.
This chapter presents a comparison of the different available methods to calculate hardness 
of aluminium alloys which generates pile-up. Comparison was made for the Oliver and 
Pharr method (O-P), the O-P with area correction from AFM, the plastic work of 
indentation approach and total work of indentation approach for measurement of hardness 
of aluminium cladding and Al 2024-T351.
3.2 Theoretical Background
3.2.1 Oliver and Pharr Method (O-P)
In depth-sensing indentation machines, an indenter penetrates into the surface of a material. 
The total penetration depth is the summation of the elastic and plastic deformations 
occurring at the indenter tip. The plastic depth corresponds to the contact depth, which is 
used to determine the contact area. During the unloading stage, only the elastic portion of 
the displacement is recovered, which effectively allows separation of the elastic properties 
of the material from the plastic. A schematic representation of indentation load P  versus 
displacement h obtained during one full cycle of loading and unloading is presented in 
Fig.3.1.
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According to elastic contact theory [15], the fundamental relations from which hardness 
and elastic modulus can be determined are:
where H  is hardness, P  is the load and A  is the projected contact area at that load. Eq.l is a 
working definition for the hardness as measured by instrumented indentation testing.
Where ET is the reduced elastic modulus, S  is stiffness and ft is a constant that depends on 
the geometry of the indenter. For triangular cross sections like the Berkovich and cube- 
comer indenters, /?= 1.034. The reduced modulus, Er is used to account for the fact that 
elastic displacements occur in both the indenter and the sample. The elastic modulus of the 
test material, Es, is calculated from Er using:
Where Es and v s are the elastic modulus and Poisson’s ratio for the test material; and Ei 
and V \ are the elastic modulus and Poisson’s ratio for the indenter. For diamond, the elastic 
constants Ej = 1140 GPa and v  i = 0.07 are often used.
One of the more commonly used methods for analyzing nanoindentation load-displacement 
data is that of Oliver and Pharr [1]. In the Oliver-Pharr method, hardness and elastic 
modulus are determined from indentation data obtained during one complete cycle of 
loading and unloading. According to this method, the unloading curve can be fitted by the 
power-law relation
where P  is the indentation load, h is the displacement, B  and m  are empirically-determined 
fitting parameters, and hf is the final displacement after complete unloading. The depth
(3.1)
(3.3)
(3.4)
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along which contact is made between the indenter and the specimen hc can also be 
estimated from the load-displacement data using:
* « = * U - c - ^ L (3-5)
where hmax is the maximum depth of penetration at P max, the peak indentation load, and 8  
is a constant which depends on the geometry of the indenter: for a Berkovich Indenter 8  
=0.75.
Once the parameters B and m are obtained (by curve fitting), the initial unloading stiffness 
S can be established by differentiating Eq. (3.4) at the maximum depth of penetration, h =
h m a ' t .
s =r d P \—  =mts\n - h f
dh ) h, h
With these basic measurements, the projected contact area of the hardness impression, A, is
derived by evaluating an empirically determined indenter shape function at the contact
 ^ §
depth, hc; that is, A = f (h c). The shape function, A = 24.55 hc relates the cross-sectional
area of the indenter to the contact depth. In order to compensate for the effect of the finite 
tip radius of the Berkovich indenter as well as tip manufacturing differences, additional 
terms are empirically added as given below.
A = 24.5 he2 + Cihc + C ihc1/2 + C ihc1/4 + C ^ c 178 + Cshcm6 (3.7)
Where Cx -  C5 are constants for any specific indenter and are determined from 
nanoindentation experiments on fused quartz silica.
Finally, the hardness, H, and reduced elastic modulus, Er, are derived from equation (3.1).
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complete unloading
Indenter
Initial surface
▲
Surface profile at 
maximum load
i
(a)
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Loading
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WeWp
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(b)
Fig. 3.1 - (a) Indentation process and (b) Load-penetration curve during loading and
unloading
3.2.2 Correction with Atomic Force Microscopy (AFM)
One of the problems of the Oliver and Pharr approach is that it can markedly underestimate 
the true area of contact in cases where significant pile-up occurs. In these cases, the true 
contact area A  can be obtained by combining the results of the Oliver-Pharr method Ao-p
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with a correction which takes into consideration practical measurement of the pileup area 
Apu’.
A  = Ao-p + Apu  (3.8)
This approach has been used by a number of workers including Beegan [4, 8 ], Saha [10] 
and Kese [3, 6 , 9]. Beegan et al. [4, 8 ] and Saha [10] calculated the area of the pile-up by 
considering the pile-up as forming an arc of a certain radius; whilst Kese [3, 6 , 9] assumed 
pileup to be a semi-ellipse with its major axis corresponding to one side of the indent 
triangle, and the minor axis being the horizontal distance from the vertex of the triangle to 
the peak height of the pileup.
The area of pile-up is typically obtained from measurements of the pile-up area from 
scanning electron micrographs or atomic force microscopy images of the indentations.
3.2.3 Work of Indentation
In nanoindentation experiments, the work of indentation can be calculated conveniently 
from the areas bounded by the loading and unloading curves (Fig. 3.1). The area under the 
loading curve gives the total work W  done by the loading device during indentation. The 
elastic contribution to the total work, We, can be deduced from the area under the unloading 
curve, and the energy absorbed by plastic deformation is then the difference between these: 
Wp = W '- W e (3.9)
Stillwell and Tabor [15] first applied this method to determine hardness. This technique 
equates the conventional hardness, of maximum applied load divided by the residual area 
of indent impression, to the plastic work divided by the volume of the indent:
Load _  Plastic work (3 10)
Plastic area Plastic volume
The area under the load-penetration curve represents the total work Wt, given by:
hmax
Wt = \ P d h  (3.11)
o
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For indentation, Kick’s Law is given by P = Ch2. Kick’s law assumes that the material 
does not exhibit indentation size effects and that hardness is constant with load. 
Substituting for P  in eq. 11 gives:
hmax C'h  ^ P h
W =  f Ch2d h =  max = max max (3.12)
' o 3 3
Now according to Tuck [2]:
H  = k P /h 2 (3.13)
Where k  is a constant which takes into account the indenter geometry and the choice of 
hardness definition; its value is 0.0408 for a Berkovich indenter.
Rearranging equation 3.13 gives:
P  = ^ ~  (3.14)
k
and
and equation 3.11 thus becomes:
hmax J J L 2 JJ fo  3wt = J ^-dh  = ---------------------------------------------- (3.16)
o k  3k
If we now substitute h from (3.15) this give,
kP 3
H =    (3.17)
9W,2
If we consider hardness as a function of only plastic deformation then we need to use the 
plastic work during the indentation process and thus eq. 3.17 becomes: 
kP 3
H =  (3.18)
91V,,2
Hence using Eqs. (3.17 and 3.18) the hardness of a material can be obtained from the work 
of indentation technique.
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Tuck [2, 20] and Beegan [12] applied this technique to ductile materials where significant 
pile-up occurs at the edges of indentations.
In this paper, we use the work of indentation approach to calculate the hardness using both 
the total work (i.e. We+Wp) and the plastic work Wp alone.
3.3 Materials and Experimental Methods
3.3.1 Material Details
In aerospace structural applications, the use of aluminium alloys leads to an overall 
reduced weight and, thus, to reduced fuel consumption. Alloy 2024-T351 plate with 
cladding on both sides is used in fuselage and wing structural areas where stiffness, fatigue 
performance and good strength are required. Copper and magnesium are the main alloying 
elements for 2024 plate used to increase the strength of 2024 aluminium alloys by the 
precipitation hardening which is achieved by post-processing methods. The “T351” 
describes the post processing which indicates that the sample is solution heat treated, cold 
worked by stretching and artificially aged.
Aluminium-copper alloys are susceptible to corrosion at the aircraft operating conditions. 
To prevent corrosion a common practice for the aircraft industry is the roll bonding of 
protective coatings of pure aluminium on the surface of the material. This is called 
cladding of substrate. To characterize the fuselage material, the materials used in this study 
were in the form of plate of A12024-T351 of 2 mm thickness, with an aluminium cladding 
of 100pm on both faces as shown in Fig. 3.2.
100um y
100um i
Al-Clad
A12024-T351
Al-Clad
2mm
Fig. 3.2 - Sectional view of A12024-T351 plate
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The grain size of the A12024-T351 was determined by quantitative metallography and 
electron back scattered diffraction (EBSD), and was found to be 20 pm. The grains were 
equiaxed and showed a random orientation. Fig.3.3 shows the typical grain distribution for 
A1 2024-T351. The grain size of the Al-clad was not measured directly here owing to the 
difficulties of preparing metallographic samples of such a thin, soft layer which is difficult 
to etch and disappears during early stages of grinding, but previous work has shown it to be 
in the range of 30-70 pm (Reference: Professor P.E.Irving, Cranfield University, Personal 
communication).
V ,/ ■*’
(a)
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(b)
Fig. 3.3 - G rain size determ ination from  (a) Optical microscopy (b) EBSD.
Material properties of A1 2024-T351 are obtained from tensile testing according to ASTM 
standard E 8/E 8M-08 [28]. The stress strain curve is shown in Fig.3.4 and the elastic- 
plastic properties so obtained are given in Table 3.1.
600
500
9= 400
0) 300
5  200
I -
100
0.05 0.1
True strain (e)
0.15 0.2
Fig. 3.4 - Stress strain  curve of A1 2024-T351.
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Material Composition(Wt%)
Elastic
Modulus
(GPa)
Yield
Stress
(MPa)
Strain
hardening
exponent E/oy
A1 2024- 
T351
Cu 3.8-4.9, Mg 1.2-1.8, 
Mn 0.3-0.9, Zn 0.15max, 
Cr 0.1 max, Si 0.05max, 
Fe 0.5max, Remaining 
A1
6 8 360 0 . 1 188
Al-
cladding Al-99.99 69 1 2 0 0 . 1 575
AA 5091 Mg 4, Li 1.3, C 1.1, O 0.4, Remaining A1 78 448 0.065 175
Table 3.1 - Mechanical properties of A12024-T351, Al-cladding and AA 5091.
Later in this study, aluminium alloy 5091 has been used as a model alloy. It is produced by 
a powder metallurgy process, which is ideal for synchrotron measurement owing to its fine 
grain size (-0 .6 pm). Aluminium 5091 is a precipitation hardened alloy which contains a 
dispersion of very fine oxides (AI2 O3) and carbides (AI4 C). This small grain size allows 
good diffraction data to be obtained even with a very small sampling gauge volume. 
Material properties for aluminium alloy 5091 are given in Table 3.1 [16] and Fig.3.5 shows 
stress strain curve obtained from tensile testing.
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Fig. 3.5 - Stress strain curve of A15091.
3.3.2 Surface Roughness
Surface scanning of both materials was performed using atomic force microscopy (AFM), 
after surface polishing of samples to a 1 micron finish. A DME Dual Scope C-21 AFM was 
used to perform observations of the indentations and particularly of the pile-up at their 
periphery. Measured surface profiles are shown in Fig.3.6. which shows the topography of 
the clad and unclad layers, respectively. The surface roughness of clad was greater than the 
surface roughness of the A1 2024-T351.
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Fig. 3.6 - Surface scanning of (a) Al-clad and (b) A1 2024-T351
3.3.3 Experim ental M ethod
The mechanical properties of the Al-Clad and substrate A12024-T351 were characterized 
using an MTS Nanoindenter XP system with a Berkovich indenter tip (Fig.3.7). The 
instrument was operated in basic hardness load-displacement mode which simply records 
load, displacement and time, and contact stiffness mode (CSM) where an oscillating force 
with a force amplitude generally several orders of magnitude smaller than the nominal load 
is applied at the same time as the indenter load. This allows the contact stiffness to be 
obtained at all points on the load-displacement curve and hardness and modulus can be
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obtained as function of penetration depth. Indentations were made using a constant 
nominal strain rate (P'/P)  of 0.05 s_1 and the drift rate before testing was required to be 
<0.05nm/s. 25 indents were made at each depth in an array of 5 x 5 with spacing of 100 pm 
in both axes. The depths of the indentations ranged from 200nm to 2400nm in steps of 200 
nm. These indentation depths correspond to applied loads from 1 to 70 mN load for Al- 
cladding and 2.5 to 220 mN for A1 2024-T351.
Fig. 3.7 - MTS Nanoindenter used in the study.
3.4. Results and Discussion
3.4.1 C haracterization from  Oliver and P h a rr Model
When the indentation data was analyzed using the Oliver-Pharr (O-P) model, values of
both the hardness and modulus were found to be overestimated as shown in Fig.3.8. It can
be seen that up to 400nm depth, hardness and modulus values were relatively high. This
particular effect is called indentation size effect (ISE) in which the Berkovich indenter’s tip
bluntness comes in to play and the area fitting function given in eq. 3.7 tries to calculate a
best estimate of the area. An ideal Berkovich indenter is assumed to have no roundness at
its tip. But tip bluntness occurs in every indenter due to machining capability during
manufacturing. This tip blunting effect is more significant for shallow indents of depth of
the order of the roundness of the tip. Up to this range of depth, a Berkovich indenter
behaves like a spherical indenter, however the O-P model calibrates the area to compensate
for tip roundness effect with a polynomial area function as shown in eq. 3.7, but this still
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has physical limitations. Tip blunting effects can be obtained by fitting a square root of 
load and depth curve [22-24] and usually found as 200 to 400nm. So any indentation depth 
in the range of up to 200~400nm will show indentation size effect in which hardness and 
modulus would show overestimated values hence these depths of penetration will be 
avoided in extraction of residual stresses.
The hardness and modulus obtained from O -P for the A1 cladding were calculated as 
0.48-0.56 GPa and 73-75 GPa, respectively; and for the A12024-T351, 1.64-1.80 GPa and 
77-80 GPa, respectively. Typical literature values of hardness and elastic modulus for hard 
aluminium (rolled or stretched) are 0.37- 0.50 GPa and 69 GPa, respectively, and for A1 
2024-T351 are 1.44-1.7 GPa and 72 GPa, respectively [25]. These hardness values are for 
bulk materials, measured by traditional macro-Vickers indentation tests which are unsuited 
to measure the relatively thin clad layers here. The hardness values for the Al-cladding, 
measured by nanoindentation, were thus 25% higher than the literature values, whilst the 
values for A1 2024-T351 were 15% higher. This overestimation, for both the hardness and 
the modulus, can be attributed to the pileup around the indentations, which is not accounted 
for in the analysis. Pile-up effects on macroindentation measurement are less significant 
than for nanoindentation as pileup occurs mainly around the edges of the indentations, and 
macro-indentation measurement is based upon evaluation of the size of the indentation 
diagonals. Therefore, it is more critical for the accuracy of nanoindentation measurement 
that pile-up effects are taken into account.
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Fig. 3.8 -  (a) Hardness and (b) elastic modulus values of the A12024-T351 calculated 
from the indenter operated in Contact Stiffness Mode
3.4.2 Pile-Up Formation and AFM Scanning
Since aluminium has relatively low hardness and modulus, pileup around the indenter is to
be expected, even at small indentation depths. This is shown in Fig.3.9 which shows a
scanning electron microscope image of an indentation at load of 500mN in clad A1 2024-
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T351. There is clear evidence of pileup around the indentation periphery. Fig.3.10 (a) 
shows a 3D profile of an indent which shows pileup around every edge of indent. Fig.3.10 
(b) shows a line profile though a triangular indent and Fig.3.10 (c) shows the AFM height 
profile from the comer of an indentation through the midpoint of the edge of the 
indentation. Pile-up on the edge can be clearly seen in the AFM trace. Hence, the actual 
contact area includes the area contained in the pileup, and because significant pileup 
occurred at all the indentations its influence on the determination of the true contact area 
cannot be ignored. The additional contact area associated with the pileup can contribute 
significantly to the load bearing capacity of the contact.
Signal A = SE1 
Photo No. = 28
Date :24 Apr 2007
Fig. 3.9 - SEM image of an indent a t 500mN load in Al-cladding showing pile-up
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Fig. 3.10 - AFM image of an indent in Al-cladding at 60mN load, (a) 3D profile (b) 
showing the line profile (c) height profile along the line shown in figure 3.10b,
showing pile up on the indent edge
3.4.3 Calculation of Area
The area of pile-up in Fig.3.11 forms a semi-ellipse. Thus, following Kese [3, 6, 9], the 
area of pile-up was calculated from the measurements as illustrated in Fig.3.11. The point 
T on Fig.3.11 marks the perimeter of the contact when viewed in profile; its horizontal 
displacement from the edge L of the nanoindentation is measured to be ax (i =1, 2, 3 for the 
three pile-up lobes).
The pileup contact perimeter is obtained by projecting a semi-ellipse of major axis b and 
minor axis a t , so that the length of the side of the projected triangular area is b, calculated
at the contact depth hCy while at is measured on the indent profile image as the horizontal 
distance of the pileup contact perimeter T  from the edge L  of the indentation.
50
Periphery of Pile-up
R
Contact perimeter Section R-R
Fig. 3.11 - Analysis of the pile-up profile around the periphery of an indent
The triangular indentation area can be calculated as:
A 0-p = 0.433 b2 (3.19)
The indentation area as a function of contact depth for a perfect Berkovich tip is given by: 
Ac =24.56 hc2 (3.20)
From equations 3.19 and 3.20:
b =7.531 hc2 (3.21)
The total pile-up area of the three semi-elliptical lobes around each side of the indent 
triangle, which may differ from each other, will be
A pu = ^ j Z a ,  (3.22)
a\ can be obtained by measuring the horizontal displacement around each of the three sides 
of the indent
A pu = 5.913hc( a x + a2 + a3 ) (3.23)
The total indentation area A  can be calculated by adding this pile-up area to the area 
determined from eq.3.19.
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The amount of pileup area in terms of the percentage of triangular area of indent calculated 
from the Oliver-Pharr Model is shown in Fig.3.12. The pile-up was measured for 
indentations made to different penetration depths and found to increase with penetration 
depth for both A12024-T351 and the cladding; but for the Al-cladding, owing to its higher 
E / g y ratio, more pile-up was observed at indentation depths of 1pm or greater.
The E / o Y ratios for both Al-cladding and A12024-T351 are given in table 3.1. It can be 
seen that the E / g y ratio is lower for A12024 than the Al-cladding. If E / g y =0, contact is 
strictly elastic and dominated by sink-in, if E / g y = °° , there is predominantly plastic 
deformation, and extensive pile-up occurs. The differences in the percentage pile-up seen 
in Fig.3.12 can thus be accounted for by the higher E / g y ratio of the Al-cladding.
A tensile test was performed on A12024-T351 to determine the strain-hardening exponent 
for A12024-T351. This was calculated to be 0.1 which is small and this combined with the 
relatively high E / g y ratio would predict that significant pile-up would be expected (as is 
observed here). Tensile testing of Al-cladding was not possible as it was present in the 
form of protective coating of thickness 100 pm but nanoindentation reverse analysis were 
used to extract its yield stress and strain hardening exponent and was found as 120MPa and 
0.1 respectively. Detail of reverse analysis is given in a chapter later in this thesis.
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Fig. 3.12 - Percentage amount of pile-up for Al-clad and A12024-T351 at
different depths
It can be seen that pile-up for both of the materials increased with penetration depth and 
was lower below 600nm depth. Keeping in view of indentation size effect up to 400nm 
depth and the continuous increase in pile-up beyond 600nm depth, the optimized depth 
obtained was 600nm which showed a good compromise being away from ISE region and 
exhibition of minimum pile-up.
3.4.4 Difference in Elastic Recovery of Al-CIad and A12024-T351
The Al-clad material has a much lower hardness than the A12024-T351. Nanoindentation 
tests at the same load give a greater indentation depth in the Al-clad compared to A12024- 
T351, as shown in Fig.3.13 (a). The Al-cladding shows less elastic recovery of the 
displacement on unloading as compared to A1 2024-T351. The percentage elastic recovery 
We for the Al-cladding is only 3-4% of the total work Wt , as compared to A12024-T351 
for which the elastic recovery is 10-12% as shown in Fig.3.13 (b).
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Fig. 3.13 (a) - Load-displacement curves at a load of 15mN.
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Fig. 3.13 (b) - Elastic recovery for Al-cladding and A12024-T351
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3.4.5 Anisotropy and Texture
One aim of this project was to calculate residual stresses from nanoindentation response. 
This would require indentation at low loads to study the deformation response of local 
regions near scribe roots. One concern of indenting at low loads which may indent single 
grains is the degree of variation of load-displacement curve between different grains. To 
extract residual stresses from nanoindentation this aspect has to be considered, as 
whenever there is some variation obtained from load-displacement curve it does not 
necessarily mean that this difference is due to residual stress but it could be due to grains 
of different orientation. Hence a grain orientation map was determined using EBSD to 
observe the different responses of differently oriented grains.
The crystallographic texture of various common diffracting planes was measured by 
electron backscatter diffraction (EBSD). In this study the texture pattern was determined 
and represented in terms of pole figures. The electron backscatter diffraction technique 
reveals the micro-texture pattern with high spatial resolution. In the experiments to 
determine the texture pattern in A1 2024-T351 and Al-cladding, a step size of 20 pm over a 
grid of 3mm x 3mm was used to ensure that information on the crystallographic texture 
pattern was obtained from a large number of grains. Two sample pieces designated as 1 & 
2 were trimmed from a large plate as shown in Fig.3.14.
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Fig. 3.14 - AI2024-T351 plate for extraction of texture samples
Electron back scatter maps and pole figures for both of the pieces are shown in Fig. 3.15 
and 3.16. It can be seen that there was difference in grain size distribution for sample 1 and 
2. Grains were elongated for sample 2 in the normal direction and grain size for some of 
the grains reached to as large as -  100pm. It can be seen that in the rolling direction of the 
plate a weak texture was present in which the intensity reached to ~5. This could be 
considered as a relatively weak texture as compared to other processing induced textures, 
like in welding this intensity can reached to -40  which represents strong texture.
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Fig. 3.15 - EBSD map and pole figure for A1 2024-T351 for sample #1
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Fig. 3.16 - EBSD map and pole figure for A1 2024-T351 for sample #2
Sample preparation of EBSD required grinding and polishing of samples up to 1 pm finish. 
Due to softness of cladding and its presence in the thickness of only 100 p m , preparation of 
metallographic samples was not possible. Only section of the clad A1 2024-T351 could be 
tested and very similar results were found (shown in Fig.3.17) for pole figure of cladding 
as was obtained for A1 2024-T351.
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Fig. 3.17 - Pole figure for Al-cladding for piece #2
Though, it was clear from the EBSD maps and pole figures that there was random 
distribution of the grains, nanoindentation was used to study the hardness of these 
individual grains. First some Vickers indenter marks were produced in the A1 2024-T351 
as shown in Fig.3.18. EBSD was carried out around these Vickers marks and EBSD maps 
so obtained are shown in Fig.3.19.
Fig. 3.18 - Vickers m ark  on A12024-T351 sample
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Fig. 3.19 - EBSD map around vickers m arks before placem ent of nanoindents
Vickers marks which were produced before EBSD mapping worked as identification marks
for nanoindentation testing. Nanoindentations at 600nm were carried out near to these
Vickers marks to make sure that individual grains and orientations are being targeted.
Great care was taken to target individual grains and Fig.3.20 (a) shows load-displacement
curves of those grains for which it was sure that indentation was well inside a grain. It can
be seen that there is some difference in terms of the load-displacement response of
individual grains. It can be seen that there is difference in hardness and modulus between
individual grains and grains of different orientation showed difference in hardness and
modulus. Due to difference in hardness for grains, different loads were required to
penetrate same depth of 600nm and hence showed difference in load-displacement curve.
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Hardness and modulus of these grains are plotted as shown in Fig. 3.20 (b) and (c). This 
revealed that nanoindentation load-displacement curves do vary whenever responses of 
different grains are obtained for A1 2024-T351.
This degree of variation in hardness and modulus among grains showed that for residual 
stress regions, whenever there is some variation obtained from load-displacement curve it 
does not necessarily mean that this difference is due to residual stress but it could be due to 
grains of different orientation. Fortunately it is very clear that anisotropy among grains was 
not high and any change in response above the level of change we have seen here would 
definitely imply the effects of residual stresses.
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Fig. 3.20 - Response for indentation at different grains 
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3.5 Hardness Comparison from Different Approaches
Eqs. (3.23) and (3.24) were used to calculate hardness from the total work and plastic work 
approaches. The main advantage of these techniques is that there is no need to calculate the 
area of the indentation, which thus removes the difficulties caused by underestimating the 
contact area. The values of hardness as a function of penetration depth for the four different 
methods of calculation are shown in Fig.3.21 for the Al-clad and in Fig.3.22 for the 
A12024-T351.
Fig.3.21 shows that three methods, the O-P model, the total work and plastic work
methods, result in hardness values that are very close to each other and the quoted literature
values of hardness for the Al-Clad. The hardness values obtained using correction for the
area from the AFM measured areas are well below the other three methods [2, 8] (apart
from the indentations to displacements of 200 and 400nm where the O-P and AFM values
were found to be equal as no pile-up was observed at these depths). As we have discussed
above, the AFM measured residual depths were less than the nanoindentation measured
depths owing to relaxation of the material between indentation and AFM scanning, and tip
convolution effects. AFM is also less accurate when estimating distances in the z-direction.
If we consider the hardness values calculated from the work of indentation methods, at low
penetration depths (200 and 400 nm) the hardness calculated from plastic work gives the
highest value of hardness, followed by the O-P method and then the hardness calculated
from the total work. No pile-up was measured on these indentations using the AFM, and
the AFM calculated hardness values and hardness values from the O-P method are
coincident. At larger penetration depths, the AFM corrected hardness values are low as
discussed above whilst the three other methods show very little differences in the values
obtained. Of the methods used, the hardness calculated from the total work using the work
of indentation gave values of hardness very close to quoted literature values [25] of
hardness in the range of 0.45-0.52 GPa. It should be noted that the hardness values
63
calculated from the work of indentation approach rise more steeply at lower penetration 
depths than the hardness values calculated by the O-P method. This is likely to be because 
the method of Tuck [2] makes no allowance for changes in tip geometry at lower 
indentation depths, where the tip geometry can significantly influence the calculated 
values, whilst tip geometry effects are allowed for in the O-P calculations.
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Fig. 3.21 - Hardness calculated using the four different methods for the Al-Clad
Fig.3.22 shows that the hardness values for the A12024-T351 calculated from the O-P
model, and work of indentation using the total work and plastic work approaches, are again
close to each other, as well as to the literature values [25] of the hardness for A12024-T351.
The difference in the values of the hardness calculated by these three methods is greater
than for the Al-Clad which corresponds to findings by other researchers [2, 4, 8, 12], and
can be attributed to the higher hardness of the A12024. The hardness values calculated
using the plastic work of indentation are again highest at around 1.81-2.2 GPa and the O-P
model values are also higher than those hardness values calculated using the total work of
indentation. The greater differences between the total work of indentation approach and the
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plastic indentation approach are to be expected owing to the greater elastic recovery for 
indentations into A1 2024-T351 (see Fig.3.13 (b) for example). Hardness values calculated 
from the total work values of indentation were found to be very close to literature values 
[25] of hardness in the range of 1.51-1.76 GPa.
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Fig. 3.22 - Hardness calculated using the four different methods for the A12024-T351
Thus, for a soft material such as the Al-cladding, where very little elastic recovery of the 
indentation occurs, both the total work and plastic work of indentation approaches were 
found to give results in good agreement with the literature. The O-P method, despite being 
influenced by pile-up also gives hardness values that are in reasonable agreement with the 
literature.
For the A1 2024, the total work of indentation approach gave the best agreement with the 
literature values. This is in agreement with the findings of Tuck [2], who found that for 
ductile materials where significant pile-up occurs, the total work of indentation approach 
always gave good results as compared to the plastic work of indentation technique. Tuck
[2] did not fully explain why the total work of indentation approach gives better results
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than using the plastic work alone, but it may be owing to the subtleties of the fact that 
elastic recovery tends to affect recovery of indentation depth rather than indentation area, 
and thus the total work is more representative of the work necessary create the indentation. 
This would make hardness calculated from total work of indentation more directly 
analogous to hardness values calculated by microhardness or macro-hardness tests.
3.6. Conclusions
Al-clad and A12024-T351 materials have been characterized by nanoindentation. The 
nanoindentation load-displacement curves have been analysed to determine the hardnesses 
and Young’s moduli of the samples. Owing to the relatively high E/cTy ratio and low
strain-hardening exponent of aluminium, pile-up occurred at the edges of the indentations. 
The widely-used Oliver and Pharr model does not account for pile-up and consequently 
overestimates hardness and modulus for the A12024-T351. AFM imaging was performed to 
calculate the pile-up area, which was found to increase with indentation depth for both Al- 
Clad and A12024-T351. The AFM measured pileup area was found to be overestimated 
owing to relaxation of the material between indentation and imaging, leading to 
underestimated hardness values. To minimize the effect on hardness and modulus values, 
further testing for residual stress measurement will be carried out at 600nm as we observed 
that this depth of penetration shows very nominal pile-up.
Work of indentation techniques do not require any calculation of the indentation area and 
are therefore useful for characterization of soft materials. Hardness values calculated from 
the total work and plastic work of indentation show good agreement with literature values 
of the hardness for these materials.
For the soft Al-cladding, where very little elastic recovery is observed, both the total work 
of indentation and plastic work of indentation methods were found to be effective. For the
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slightly harder A1 2024-T351 where the material elastically recovers in unloading stage, 
the total work of indentation technique gave better agreement with literature values. 
Anisotropy among grains was found and care has to be taken whenever these materials are 
indented to make sure of the exact reason for any change in response of load-displacement 
curves. To be precisely sure about variation in load-displacement curves due to residual 
stresses, the variation should be greater than the variation we studied here for different 
grains.
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Chapter 4: Local Hardness around Scribe Marks of 
Different Root Radii Produced from Different Tools
4.1 Introduction
The morphology of a scribe will vary depending upon the mechanism of scribe formation, 
the forces involved, and the geometry of the tool which produced the scribe. Fatigue cracks 
can grow and propagate from the base of a scribe, and the resultant fatigue life is highly 
influenced by the manner in which the scribe was produced. Not only the geometry of the 
scribes, in terms of depth and root radius, play an important role to initiate and propagate 
cracks, but different tools while producing a scribe of the same depth and root radius may 
generate different levels of residual stress around the scribe root. The magnitude and extent 
of the residual stress field influences the way in which cracks from the root propagate in 
fatigue. Additionally the local damage induced during scribing results in different levels of 
plastic deformation around scribe root.
Scratching or scribing consists of cutting, ploughing and wedge formation. In ploughing 
pile-up pads are formed on both sides of scribe, and in cutting material is displaced away 
from scribe track. These wear mechanisms produce different levels of work hardening 
around scribes. Mezlini et al. [3, 5] indicated that two different behaviours and wear 
resistances can be induced by changing the geometry of the tool. He compared the level of 
plastic deformation while scratching using conical and spherical indenters and found that 
more severe plastic deformation can be generated from a conical indenter as compared to a 
spherical indenter. Tkaya et al. [4] and Mezlini et al. [5] observed wear mechanisms for 
different attack angles from 5-60° and found that for a 30° attack angle material was 
pushed to the side of scratches and for a 60° attack angle this wear mechanism changed to 
cutting. Kato [9] found that the wear mode during repeated sliding processes changes form 
cutting to wedge formation and then to ploughing. Subramanian [10] showed that the
abrasive wear pattern depends on sliding velocity and pressure during scratching.
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This chapter presents an investigation of local hardness, wear mechanism and plastic 
deformation around scribe marks of different depths and root radii produced from different 
tools. Nanoindentation has been used to study the hardness changes produced by scribing 
of Al 2024-T351 with and without cladding whilst scanning electron microscopy was used 
to characterise wear around scribes. Scribes or scratches are usually characterized in terms 
of depth, root radius and included angle. To study the effect of these parameters on wear, 
scribes of root radii 5 pm , 25 pm and 50 pm with different depths have been produced. 
Additionally, to study the effect of the tool on wear in production of a similar configuration 
scribe, two tools designated as A and B, were used to produce scribes. Overall, the local 
hardness environment and wear around scribes were investigated with respect to different 
scribe depth, root radius and the tools by which the scribes were produced.
The effect of fatigue cycling on work hardening around scribe root was investigated in four 
point bending and tension-tension fatigue loading. The local hardness around scribes was 
investigated before and after fatigue to observe any relaxation in plastic deformation 
around the scribe roots.
4.2 Materials and Experimental Details
4.2.1 Material Details
The materials used were A12024-T351 of 2mm total thickness, with and without 
aluminium cladding of 100pm on both faces as discussed in chapter 3.
4.2.2 Introduction of Scribes
It was difficult to produce service scribes which are found on the fuselage of in-service 
aircrafts. To simulate the service scribes, scribe marks were created on a specially set up 
milling machine using a diamond-tipped tool. Kyle and Irving [25] in a previous study 
concluded that a stress concentration factor Kt of at least 3 and 4 was necessary, but not 
sufficient, criteria for fatigue cracking to initiate. They obtained this value of Kt while
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creating scribes of different depths with 5 pm root radius. Hence, in this study to obtain the 
same Kt, two diamond-tip cutting tools designated as ‘A ’ and ‘B ’ with a nominal tip radius 
of 5pm as used in previous study [24] was used for the actual marking of scribes. These 
two tools had been found, by chance, to give very different fatigue lives despite having the 
same nominal specifications. So part of this study was to investigate reasons for this 
difference. In addition to observe the effect of increase in root radius, two other tools ‘C* 
and ‘D ’, of radius 25 and 50 pm radius were also used to create scribes.
A schematic of typical scribe geometry is shown in Fig.4.1. The scribe has a notch depth 
d , width w , root radius p , and a notch angle of 2  0 .
W
Fig. 4.1 - Scribe geometry
An example of the different scribe profiles generated by tool A and B for 5 pm root radius 
is shown in Fig.4.2. Scribes made by both tools resulted in a scribe root radius of 5pm but 
tool A generated scribes with a non-symmetric cross-section (Fig. 4.2a), which was seen on 
all scribes made with this tool and which was caused by a flaw on the tool. Scribes were 
made to controlled depths, but elastic recovery of the scribes after the load was removed, 
and the different forces required for the two tools, meant that in practice for an initial set 
depth the residual scribes from tool A were 10% deeper than scribes made with tool B.
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Fig. 4.2 - SEM pictures of cross-section of scribes (a) 50 pm deep from  tool A (b) 100
pm deep from  tool B
Scribes were produced in clad and unclad Al 2024-T351. Owing to differences in the work 
hardening exponents and E / g y ratios for the pure aluminium cladding and the Al 2024- 
T351, different extents of plastic deformation were obtained around the resultant scribe 
tracks. This plastic deformation plays an important role in fatigue crack initiation and 
propagation from the roots of these scribes.
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After the scribes were made, the coupons were cross-sectioned and polished and etched to 
reveal the extent of the plastic deformation, and for nanoindentation testing. To observe the 
behaviour of the cladding, scribes were made to two different depths: scribes with a depth 
of 50pm (less than the clad thickness) and scribes with a depth of 100 pm (equal to the clad 
thickness). Scribes were also made into unclad A12024-T351 to depths of 50, 75, 100, 125 
and 150 pm.
4.2.3 Nanoindentation Testing
Nanoindentation was carried out to 600nm depth [1] with the same experimental procedure 
as discussed in chapter 3. Indentations were made in an array around the scratch cross- 
section with 20 pm spacing between the indentations. Load-displacement data was 
obtained for each indentation. Fig.4.3 shows the arrangement of indentations in greater 
detail.
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4.2.4 Fatigue Testing
Four-point bend samples were prepared of size 50 mm x 210 mm x 2mm for the clad Al 
2024-T351 and 50 mm x 210 mm x 1.8 mm for the unclad A12024-T351 (after removal of 
100 pm cladding from both sides). Samples were tested in an MTS servo-hydraulic test 
system at a maximum stress of 200MPa and constant load ratio ‘R ’ of 0.1. All tests were of 
constant amplitude for consistency in the results and were conducted at a frequency of 5 
Hz. For accurate calculation of fatigue cycles, tests were carried out in load control 
environment. Span length between top and bottom rollers was 35 and 70mm respectively. 
The assumption was then made that the deformation would be entirely elastic because of 
the low optimal stress when compared to the yield strength of Al 2024-T351, and therefore 
using the maximum stress value, the force necessary to apply to achieve the correct stresses
was calculated. Maximum force of 617N was used for unclad samples and 76IN  for clad
I
samples.
In total 11 different samples of Al 2024-T351 with and without clad were fatigue tested. 
Nine samples were tested to failure and two further samples, with scribes made by tool A, 
were fatigued to 250000 and 500000 cycles in the unclad A12024-T351 samples. These 
cycles were well below the fatigue life ( ~ 1 0 0 0 0 0 0  cycles) of those particular samples, to 
observe the effect of cyclic loading on the hardness at the scribe root.
After cycling, hardness mapping tests were conducted around the scribe roots in the same 
way as for the un-fatigued samples.
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Fig. 4.4 - Four point bend fatigue testing
4.3 Results and Discussion
4.3.1 Profiles of 5 pm Root Radius Scribes
For 5 pm root radius, scribes were produced from two tools designated as tool A and B. 
For tool A scribe cross-section was not symmetric and there was an abrupt change in scribe 
profile on one side of scribe track. Another important aspect of scribes from tool A was 
that all of the scribes were 10% more deep as compare to tool B scribes as shown in Table 
4.1. Fig.4.5 shows 50 pm deep scribes in clad A12024-T351 from both tools and it is clear 
that the tool A scribe has penetrated the clad layer (For some samples clad layer was 
80 pm). For tool B the scribe cross-section was axisymmetric, and no irregularity in 
morphology was present, as shown in Fig.4.2 and 4.5.
Fig. 4.5 - Etched cross-section of 50 pm deep scribes in clad Al 2024-T351 from  tool
(a) A (b) B
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Because of the need to ensure accuracy of the depth of the scratches and the limits of the 
machine used, only 1 0 pm in depth could be removed with each pass of the cutting tool. 
Therefore multiple passes were necessary to achieve the required nominal depth on the test 
samples, and the process was made even more difficult by the fact that the samples 
themselves possessed manufacturing defects and were not flat to within 1 0 pm, so some 
variation in depth was to be expected. The profiles of the scribes obtained from two tools 
and difference in scribes depth after same number of passes suggested that there is some 
difference between the two tools and tool A removes 2 -4  pm more material in each pass as 
compared to tool B, hence achieve more depth of scribe. This is possibly a consequence of 
the ‘blunt’ tool profile, requiring a greater force to be applied, and the depth control for the 
tool being relatively coarse.
For both tools, pile-up of material was observed around the scribe track. For tool A the 
pile-up was more severe as compared to tool B (Fig.4.6). Due to the irregular shape of tool 
A, the pile-up was not symmetric, with more pile-up on the side of the scribe which 
showed irregularity in profile as shown in Fig.4.6 (a) and 4.7 (a). For tool A, the extent of 
material displaced around the scribe track was greater. A ‘rough’ scribe track, with 
deformed material or debris around scribe was seen. The scribing of the surface had clearly 
been associated with a large amount of plastic deformation and displacement of material, 
rather than a cutting action by which material is simply removed. This phenomenon, in 
which material is deposited around the edges of a scribe in the form of plastic pads, is 
known a s ‘ploughing’.
In contrast, a very smooth scribe track was obtained for tool B, with very little deformed 
material around the scribe (Fig.4.6 (b) and 4.7 (b)). Very little debris was found around the 
scribe track, which revealed that this tool was clearly removing material by a cutting 
action, rather than by plastic deformation and displacement of material, by the tool.
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Fig. 4.6 - Surface profile of scribes in clad A12024-T351 
(a) 50 pm deep from  tool A (b) 50 pm deep from  tool B
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Fig. 4.7 - Etched cross-section of scribes in A12024-T351 
(a) 50 pm deep from tool A (b) 100 pm deep from  tool B
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S. No Tool Material
Required
depth
(pm)
Scribe
depth
d
(pm)
Scribe
width
w
(pm)
1 A Cladding-A12024-T351 1 0 0 1 1 0 124
2 A A12024-T351 1 0 0 1 1 0 124
3 A A12024-T351 50 56 6 8
4 A A12024-T351 75 80 104
5 A Cladding 50 56 72
6 B Cladding 50 50 64
7 B Cladding-A12024-T351 1 0 0 106 104
8 B A12024-T351 50 50 64
9 B A12024-T351 1 0 0 1 0 0 1 1 0
Table 4.1 - Depth and width of scribes generated from tool A and B
The difference in terms of the depth and width, and the irregular profile of scribe cross-
section, demonstrates that these two tools are different from each other when scribing. It
has been reported that the shape of the tool, and in particular the ‘attack angle’ between the
leading edge of the tool and the workpiece, along with the shear strength at the interface
between the cutting tool and the surface, have a significant effect on deformation behaviour
around scribes. Mezlini [17], Kato [9] and Subramanian [10] showed that abrasive wear
mechanisms depend on the tool shape, attack angle, and test parameters. Tkaya [4]
observed the effect of tool attack angle on the wear mechanism. He found that for a 30°
attack angle a transition of wear mechanism from ploughing to cutting, with chips in front
of the indenter, was observed. Here the two tools produced different morphologies of
scribes and different levels of deformation around the scribes. From Fig.4.2 it can be seen
that the tool profiles are significantly different, and although the images do not give
information directly about the attack angle, the tool profile suggest that tool A has an attack
angle (angle between leading edge of the tool and workpiece) of ~ 40° whilst for tool B the
79
figure is closer to 30°. Analysis of the cutting tracks indicates that tool A is tending 
towards a ploughing action, while tool B is just cutting the material during scribing.
4.3.2 Scribes with 25 & 50 pm Root Radius
Fig.4.8 shows cross-sections of 25 pm and 50 pm root radius scribes. For 25 pm and 
50 pm root radius scribes, like tool B of 5 pm radius scribes, a very smooth scribe track 
with very little deformed material around the scribe was obtained as shown in Fig.4.9. 
However, there was some debris found for scribes in clad material, but less than that 
obtained for 5 pm radius scribe from tool A. This revealed that these tools were also 
removing the material by a cutting action like tool B, rather than by plastic deformation 
and displacement of material by the tool.
Fig. 4.8 - Scribe cross-sections for 100 pm deep scribes 
(a) 25 pm radius (b) 50 pm radius
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Fig. 4.9 - Surface Profile of scribes of 100 pm depth and 50 pm radius in 
(a) Al 2024-T351 (b) Al-cladding
4.3.3 H ardness M aps around Scribes of 5 pm Root Radius
The hardness environments around scribes with different depths produced from different 
tools were investigated. Indentations were made around each scribe according to scheme 
shown in Fig.4.3.
Fig.4.10 and 4.11 shows hardness maps around scribes of 50 and 100 pm deep scribes 
produced from tool A and B respectively. It can be seen that the hardness around the scribe 
root is totally dependent upon the tool by which these scribes were produced and 
irrespective of the depth of the scribes.
Fig. 4.12 (a) (b) shows hardness maps obtained for 100 pm deep scribe produced from tool 
A and B respectively in clad Al 2024-T351. It can be seen that there is no such difference 
in the hardness maps for scribes in clad Al 2024-T351 especially around scribe root. Lower 
hardness values were found for clad material as discussed in chapter 3.
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The hardness profiles measured for 25 pm and 50 pm root radii scribes revealed that there 
was no such effect of increased hardness below scribe root. Fig.4.13 shows hardness maps 
for 50 pm and 100 pm deep scribes of 50 pm root radius. Similar to the scribe profiles, 
hardness environment was also the same as for tool B. No local hardening effect below the 
root of the scribe was obtained. This could be attributed to the cutting mechanism of 
removing material which did not cause significant plastic work hardening around the scribe 
root.
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4.3.4 Hardness Profiles around Scribes of 5 pm Root Radius
The hardness results were found to be independent of the scribe depth, so here initially 
results of only the 75 pm deep scribe from tool A and the 100 pm deep scribe from tool B 
are presented. Later in the chapter hardness maps of the scribes are given.
For scribes from tool A, hardness values were constant in the first two rows of indentations 
from the surface, which indicated there was no localized hardening effect in this region. 
The first row of indents was actually slightly too close to the surface, giving hardness 
measurements that were lower by 5-8% [14].
For the next three rows of indentations a distinct localized hardening effect was seen close
to the scribe as observed by Mezlini et al. [17]. The effect of this localized deformation
extended up to -100-150 pm from the scribe center as shown in Fig.4.14 (b). The effect
of increased hardness was present on both sides of the scribe, although the hardening was
not symmetric. The hardness was higher beneath the irregular feature on the tool, where the
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hardness increased as much as 35% and reached up to 2.4GPa. For other side the hardness 
increase was around 25%. This showed that there was stronger deformed layer below this 
feature.
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Fig. 4.14(a) - Hardness values for first two rows of indents (near to surface) in unclad 
Al 2024-T351 around 75 pm deep scribe from tool A
87
x= -20jam 
x= 0
x= +20nm2.5
0.5
-200-600 -400 200 400 600
y(nm)
Fig. 4.14(b) - Hardness values for next three rows of indents in unclad 
A12024-T351 around a 75 pm deep scribe from tool A
For the 100 pm deep scribe from tool B, the hardness values remained constant for all the 
rows of indentations as shown in Fig.4.15 indicating that there is no localized work 
hardening effect (the first row of indentations 1 0 pm from the surface had a slightly lower 
hardness but these were indents were too close to the surface). This result is in agreement 
with Figs.4.6 and 4.7: it was evident that no localized deformation or work hardening layer 
was present around the scribe and all material had been removed rather than displaced 
during cutting.
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Fig. 4.15 - Hardness around 100 pm scribe in unclad AI2024-T351 from Tool B
Hardness profiles below the scribe roots were also measured (Fig.4.16 and 4.17). For tool 
A scribes, a hardened region extending 100 pm was present below the scribe root. This 
layer was constant for every scribe and it did not change with the depth of the scribe, as 
shown in Fig.4.16. The hardness was a maximum at the scribe root, and decreased 
continuously up to ~ 100pm distance. This hardening can be attributed to the plastic 
deformation ahead of the scribe root, and this plastic deformation and the associated 
hardening plays a positive role in terms of the final fatigue life.
For tool B scribes, there was little evidence of any hardening at all below the scribe root, 
with perhaps a small hardness increase in the first 25pm (Fig.4.17). The conclusion for tool 
B was that it removed material through a cutting mechanism that did not cause significant 
plastic work hardening around the tool flanks or below the root of the scribe it produced.
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Fig. 4.16 - Root hardness for scribes produced in AI2024-T351 from tool A
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Fig. 4.17 - Root hardness for scribes produced in Al 2024-T351 from tool B
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The hardness results obtained for the clad samples were also independent of the scribe 
depth, so results of only the 100pm deep scribes are presented here. A similar scheme of 
indentations was performed as for the unclad A1 2024-T351. For tool A, the hardness 
values increased overall as the distance from the surface increased (Fig.4.18). Although the 
cladding has a thickness of 100 pm but the effect of the substrate (A1 2024-T351) which 
has a higher hardness starts to occur as indentations reach towards substrate. Hence on the 
cross-section of the sample when distance increase towards the substrate, effect of 
increased hardness starts to occur till the hardness value reached to bulk hardness value of 
A1 2024-T351. The first row was again slightly too close to the surface for complete 
validity, and the third row of indentations showed that effect of substrate hardness has 
started (due to increase in hardness) at 50 pm and an intermediate value of hardness was 
obtained. The final rows of indentations were located in the 2024 substrate region and 
these rows of indentations revealed similar hardness behaviour as for the unclad sample, 
indicating a localized hardening.
For tool B, no localized hardening effect was found near the scribes (Fig.4.19). For tool A, 
as for the scribes in the unclad material, a 1 0 0 pm layer was found in which the hardness 
was increased as much as 35% (Fig.4.18). The hardness then decreased continuously until 
it reached the parent material hardness after ~ 100pm. For the tool B scribe, there was no 
hardening effect at the scribe root.
91
x=-10nm 
x= +10nm
y(nm)
■ a M T
’^ v V M V a A .'
-•-x =  -90^m 
-*■ x= -70|im 
x= -50(j.m 
♦ x=-30|xm
Fig. 4.18 - H ardness environm ent around 100 pm deep scribe in clad A12024-T351
from  tool A
ro
CL
o
</>(/)a>c
T3i.
( 0
X
Fig. 4.19 - Hardness environment around 100 pm deep scribe in clad A12024-T351
from  tool B.
i i .................T ... -  ■ "T " ..—. ..i~ ——r
-*-x= -90 (im 
x= -70 (i m 
x= -50(im 
-♦-x=-30|j.m
. . ..............i...
-♦-x=-10(im
v V ,
—■---------------- 1---------------- 1.................................... ....... i...................  i i 1----------------------------------------1--------------------------------------- L _ --------------------------------------------------------------------------1__________________________ |__________________________ i _ _
-600 -400 -200 0 200 400 600
D is ta n c e  f ro m  S c r ib e  (urn)
92
4.3.5 Effect of Fatigue on Hardness Environment
Scribes of 5 pm root radius were fatigued to observe the difference in fatigue lives with the 
change in tools and subsequently the effect on hardness environment on fatigue loading. 
Fatigue lives of the different samples with varying scribe depths are given in Table 4.2 and 
shown in Fig. 4.20 (a). It can be seen that there fatigue life of scribes are dependent upon 
the depth of the scribe. Fatigue life was decreased with increase in depth of the scribe for 
unclad A1 2024-T351 while opposite effect was observed for clad A12024-T351. More 
fatigue life was obtained for deeper scribes for clad A1 2024-T351 In general, the fatigue 
life of the samples with scribes made with tool A are substantially higher than the fatigue 
life when using tool B. The higher fatigue life for tool A is attributed to the extensive 
plastic deformation and hardening associated with scribes made with this tool.
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Fig. 4.20 (a) - Fatigue lives of scribes in AI2024-T351 with and without cladding
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Fatigue cracks were initiated at the scribe root and propagate directly through the plate. 
Fig. 4.20 (b) shows a crack emanating from a scratch from a 75 pm deep scribe in clad 
A12024-T351. More detail about crack initiation and propagation from these scribes 
produced from the same tools as in this study is available in another PhD program at 
Cranfield University [26].
Fig. 4.20 (b) -  C rack em anating from  a scribe in clad A1 2024-T351
Several samples were fatigue loaded without being taken to failure (no fatigue crack was 
found), in order to observe the effects of cyclic loading on the hardness at the scribe tip. 
Fig.4.21 shows typical results that were obtained. No change in the hardness at the scribe 
root was seen in either clad or unclad material, for scribes produced with either tool. Few 
samples which were used in tension-tension fatigue loading in a previous study [24] used 
to observe effect of a different mode of fatigue loading on hardness environment. Similar 
effects were observed as in four point bending fatigue loading and no difference in 
hardness environment was obtained before and after loading.
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It is therefore likely that the initial state of the material after the scribe is produced, in 
terms of the local hardness and residual stress, is not further affected by fatigue loading to 
a significant degree.
Serial# Clad/Unclad Tool
Depth
d
( p m )
Radius
P
( p m )
FPB Fatigue Life 
(No. of cycles)
1 U A 50 5 923338
2 U A 75 5 887359
3 u A 100 5 841586
4 u B 50 5 112140
5 u B 100 5 80851
6 c A 50 5 227747
7 c B 50 5 13700
8 c B 100 5 135028
9 c A 100 5 914563
Table 4.2 - Fatigue life of scribes in four point bending
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Fig. 4.21 - Root hardness after fatigued cycles in unclad A12024-T351 from tool A 
in scribe of depth (a) 50 pm (b) 75 pm (c) 100 pm
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It can be seen in Fig. 4.21 that hardness along the root of the scribe depends upon the depth 
of the scribe. With an increase in depth of the scribe, it seems that extent of the deformed 
region has increased. Scribes of 50 pm showed an increase in hardness in a smaller region 
compared to 75 and 100 pm deep scribes for which the hard deformed region had a greater 
extent. This is probably because in creating the larger depth scribes more material was 
ploughed and hence developed increase in hardness in a large region owing to the greater 
plastic deformation.
For clad samples, 100 pm deep scribes were tested from both tools. A similar trend was 
found and there was no effect on work hardening layers for either tool after fatigue cycling 
as shown in Fig.4.22. As the fatigue life for this scribe from tool B was considerably higher 
as shown in table 4.2, so this time it was hardness tested after 100000 fatigue cycles and 
the results are shown in Fig.4.22.
Not fatigued 
100000 cycles fatigued
2.5
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100 150 200 250 300 350 400 450
x (nm)
(b)
Fig. 4.22 - Root hardness after fatigued cycles in clad A12024-T351 in 100 pm deep
scribe from tool (a) A (b) B
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4.4 Conclusions
Nanoindentation has been used to map the hardness around scribes in clad and unclad 2024 
aluminium alloy, for scribes produced with two different tools. The hardening around such 
features is extremely localized and a method is required with a very high spatial resolution 
in order to be able to discern the small-scale changes that are induced.
Two tools capable of producing 5 pm root radius and one tool for 25 and one for 50 pm 
radius scribes were studied. Two tools, A and B, which produced scribes of 5 pm root 
radius, produced very different scribe profiles. Tool A was less ‘sharp’, and appeared to 
have some damage on the tool profile. Tool A produced a scribe by a ploughing rather than 
a cutting mechanism, and examination of the scribes it produced indicated that its attack 
angle was probably greater than for tool B. A higher attack angle is expected to tend 
towards ploughing during the production of a scribe. Tool A showed significant hardening 
around the scribe, which was not seen for the sharper tool B.
The tools used to produce 25 and 50 pm root radius scribes were very similar in wear 
mechanism to tool B of 5 pm root radius. These tools cut the material away and no debris 
around the scribe tracks was observed.
The effect of fatigue loading was investigated on the local hardness environment around 
the scribes. It was concluded that there was no change in the local hardness around the 
scribes was observed with fatigue loading of samples containing scribes. The results were 
the same for different modes of fatigue loading as well.
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Chapter: 5 Finite Element Analysis of Nanoindentation 
Properties of A12024-T351 and Al-cladding
5.1 Introduction
In chapter 3 it was discussed that accurate determination of hardness and modulus is not 
straight forward for soft materials like aluminium alloys due to piling-up of material 
around the indenter. It was concluded that the work of indentation technique is most 
accurate technique for characterisation of soft material like aluminium alloys as it does not 
require the calculation of area to calculate hardness. However, to extract residual stresses 
from the load-displacement curve, area calculation is a must ( a  = Force! A r e a ) .
Whilst all of the techniques e.g. the Oliver-Pharr model, AFM correction, etc. have their 
limitations to determine area of contact accurately, FEA based simulation has been proved 
very successful in earlier studies [1-6]. FE simulation of the indentation process can be 
used to study the response of the material under residual stresses, and in addition it gives 
insight into the mechanical behaviour of the surface during loading and unloading so 
accurate calculation of the area of contact is possible. This chapter discusses the 
development of a finite element model of the nanoindentation process using the 
commercial finite element package ABAQUS, and comparison of nanoindentation 
properties obtained from experimental nanoindentation with FE modelling.
Numerical simulation of the nanoindentation process from FEM has been widely 
performed by many researchers [1-6]. Elastic-plastic properties obtained from tensile 
testing were used successfully to simulate nanoindentation load-displacement curves. 
Comparison of experimental and simulated results was first presented by Bhattacharya and 
Nix [1] who compared the load-displacement curve obtained from simulation and 
experimental nanoindentation process. Pelletier [2] concluded that different pairs of yield 
strength and elastic modulus can produce a good fit to the experimental results of load
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versus displacement. Lichinchi et al. [3] have simulated nanoindentation of TiN film by a 
Berkovich indenter with axisymmetric and 3D models and concluded that both models 
were similar and provided the same results. Bolshakov et al. [4] simulated the 
nanoindentation process and studied pile-up behaviour with different elastic-plastic 
material properties. They compared area of contact with standard analytical procedures and 
direct observation of contact profiles from simulation. Taljat et al. [5] in their FE study of 
nanoindentation showed that pile-up at full load and after unloading changes significantly, 
especially for materials with greater elastic recovery. They concluded that pile-up is a 
function of the E / g y ratio and strain hardening exponent of the material.
In this study, to simulate the nanoindentation process on Al 2024-T351 and cladding, 
different strategies were adopted. For Al 2024-T351, elastic-plastic properties were 
obtained from tensile testing and used in a FE model to simulate load-displacement curves. 
This aspect of nanoindentation is called ‘forward analysis’, in which elastic-plastic 
properties are used to simulate nanoindentation load-displacement curves. A different 
strategy was adopted for the simulation of nanoindentation response of cladding for which 
elastic-plastic properties were not known due to its presence in a very small thickness 
(100 pm on both sides of Al 2024-T351 plate). In this case, the experimental load- 
displacement curves were used to approximate the elastic-plastic properties of the 
cladding. This is called ‘reverse analysis’.
Simulations were performed using the commercial finite element package ABAQUS. For 
Al 2024-T351 and Al-cladding, load-displacement curves of experimental nanoindentation 
were compared with simulated load-displacement curves. Nanoindentation properties like 
maximum load , contact depth hc, area of contact Ac , stiffness S  and pile-up around
indents were compared from experiments and simulation. Excellent agreement was found 
for nanoindentation properties obtained from forward and reverse analysis with 
experimental results.
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5.2 Material Properties and Finite Element Simulation Procedure
5.2.1 Materials Properties
For forward analysis of Al 2024-T351, material properties used in the FE model were 
obtained from tensile testing according to ASTM standard E 8/E 8M-08 [28]. Mechanical 
properties and stress strain curve of Al 2024-T351 are given in chapter 3.
For Al-cladding reverse analysis was performed for which the constitutive law used was 
obtained from a detailed exercise which will be discussed later in this chapter. 
Experimental nanoindentation was performed on Al 2024-T351 and Al-cladding using an 
MTS nanoindenter with similar experimental parameters as discussed in chapter 3. Ten 
indents were made at each indentation depth to avoid any abnormality in the test results 
and average values have been considered as representative values.
5.2.2 Finite Element Simulation Procedure
The Berkovich indenter is a triangular-base pyramid having a six-fold symmetry. When the 
indenter has an axisymmetric form (cones, spheres, etc.), an axisymmetric finite element 
model remains sufficient [1-6]. An axisymmetric model can also be used to simulate a 
Berkovich indenter [4-5] as it not only saves the computation time and cost but provides 
similar contact area as a Berkovich indenter. Lichinchi et al. [3] simulated the 
nanoindentation response with axisymmetric model and validated their results with a 3D 
model. They concluded that there was no difference in results if axisymmetric model is 
used instead of 3D models. Hence in this study an axisymmetric finite element model has 
been used for simulation of nanoindentation response.
Al 2024-T351 and cladding were modelled with consideration of different mechanical 
properties. Simulations were performed using a deformable axisymmetric material and a 
rigid indenter. Model size of 2mm x 2mm was constructed in two parts: an indenter and 
test material, with axisymmetric geometries. The material was modelled using four node
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axisymmetric reduced integration element ‘CAX4R’ while the indenter was modelled as a 
‘rigid element’. The Von-Mises yield criterion was applied for determination of plastic 
deformation. The indentation region was very small as compared to the size of the model 
so due to more straining around the indenting region, a fine mesh size was used around 
near contact regions. The total number of elements was 8500. The indenter was considered 
as a perfect rigid cone with the same area-depth function as a Berkovich indenter, as cone 
of 70.3° gives the same area-depth function as a Berkovich indenter [4]. Schematic 
representation of the model is given in Fig.5.1.
|  -----------  2mm  1
Fig. 5.1 - Schematic of finite element model
In experimental nanoindentation, an indenter is pressed against the material and load 
applied on the indenter, and the indentation depth is recorded by two sensors above the 
indenter. Similarly in simulation, for contact elements, constraint was enforced by the 
definition of indenter as ‘master’ and the sample as ‘slave’ surfaces. Only the master 
surface was allowed to penetrate into the slave surface and the contact direction was 
always taken as being normal to the master surface. The indenter surface was chosen as the 
master surface due to the larger stiffness of the indenter with respect to the specimen.
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Roller boundary conditions were applied on the bottom surface of the model in which 
material was free to move in x- direction but other two degrees of freedom were 
constrained. The coefficient of friction between the indenter tip and the specimen surface 
was assumed as zero which doesn’t have any significant effect on nanoindentation load- 
displacement response [2]. The simple strategy “Interaction = Frictionless” for contact 
elements was chosen. “Surface to Surface Contact” was defined between indenter and 
material’s surface in order to avoid any kind of separation during loading stage. For each 
displacement of the indenter, the subsequent reaction force was recorded on the reference 
point at the top surface of rigid indenter. Loading and unloading stages were simulated in 
two different steps in which during loading, the rigid indenter penetrated the sample up to 
the maximum depth while during unloading the indenter tip returned to the initial position. 
An ideal Berkovich indenter is assumed to have no roundness at its tip. But tip bluntness 
occurs in every indenter due to machining limits during manufacturing. This tip blunting 
effect is more significant for shallow indents of the same depth as the order of roundness of 
the tip, as up to this range of depth a Berkovich indenter behaves like a spherical indenter. 
The O-P model calibrates the area to compensate for the tip roundness effect with a 
polynomial area function as discussed in chapter 3 according to eq. 3.7, therefore for 
comparison of results from experimental and simulated nanoindentation, the FE model 
should take account of this effect. Tip blunting effects can be obtained by fitting the square 
root of load and depth curve [6, 24-26]. Tip roundness effects can be observed only at 
shallow indents which have indentation depths in the order of 100-200 nm. No account for 
tip blunting effect was taken here in current model as the depths of indentations were not 
that shallow.
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5.3 Results and Discussion
5.3.1 Forward Analysis on Al 2024-T351
Elastic-plastic data obtained from tensile testing has been fed into ABAQUS to simulate 
the indentation process. Simulations of indentations were performed at different depths 
similar to experimental nanoindentation depths [8]. Load-displacement curves obtained 
from simulations were compared with experiment and agreed well with each other as 
shown in Fig.5.2. The curve showed a small deviation especially in the unloading curve 
due to the differences in the assumed friction coefficient, tip blunting effect and strain rate 
during simulations which were not considered here [2-3]. Due to the relative softness of Al 
2024-T351, although we performed experimental indentation at zero hold time, maximum 
depth of the indentation increased 5-10nm further due to creep. This difference in 
maximum depth caused some difference as well in unloading curves between experiments 
and simulation.
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Fig. 5.2 - Comparison of load-displacement curves from FEM and experimental
nanoindentation at 2000nm.
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5.3.1.1 Comparison of Nanoindentation Properties
For every indentation depth, the maximum load of indentation , the indentation contact 
depth hc at full load, and the contact area of indentation Ac were calculated using the 
procedure given in chapter 3. For simulation, the area was calculated using Ac = 24.5hc2 
without any tip bluntness effect as this effect was not considered here in the model. Pmax, 
hc and Ac calculated from FEM and experimental nanoindentation agreed extremely well 
with experimental results as shown in Fig.5.3.
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5.3.1.2 Pile-up Characterization
It has already been discussed in chapter 3 that while indenting aluminium alloys, due to 
their low hardness and small strain hardening exponents, pile-up around indents starts to 
occur even at low loads [8]. For experimental nanoindentation, quantification of pile-up 
was characterized using Atomic force microscopy (AFM) [8]. It was observed that pile-up 
occurred in the form of three lobes around three edges of the triangular indent, and was not 
necessarily of equal length and height around all three edges of indentation.
With a very low work hardening exponent of 0.1 and E / g y ratio of 188, as shown in in 
chapter 3, pile-up was expected for Al 2024-T351. These two parameters lead to very 
small elastic recovery of the materials during the unloading phase of indentation. The ratio 
of final depth of indentation to maximum depth of indentation, hf  / h max, gives an 
indication of elastic recovery for any material. The value of this ratio can be from 0 to 1. 
For Al 2024-T351, the final depth hf  obtained after unloading returned a value very close
to 1 for the ratio of these two depths i.e. hf l h mm. Bolshakov et al. [4] showed that
significant pile-up forms for materials which exhibit this ratio close to 1 and this piling-up 
of material starts from a value of 0.7, while Lee et al. [6] stated it as 0.88. The ratio 
hf  / h ^  , which can be used as indicator for pile-up, was calculated for Al 2024-T351
from experimental and simulated load-displacement curves at different depths and was 
found as 0.91-0.92 as shown in Fig.5.4 (b).
To compare the accuracy of FEM in simulating nanoindentation, contact profiles were
used to obtain the amount of pile-up at each depth and were compared with experimental
results. The extent of pile-up will not necessarily be symmetric but the axisymmetric
model had the limitation that it will always predict symmetric pile-up behaviour. A
comparison of pile-up height showed excellent agreement as shown in Fig.5.4 (a) and the
extent of pile-up in terms of horizontal distance agreed reasonably well. The differences
could be attributed to the true friction coefficient between indenter and indented material
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(which was assumed zero), and the tip convolution effect of the real Berkovich indenter
[13]. This is the limitation of the axisymmetric model which cannot calculate the three 
dimensional periphery of the pile-up. Another important factor is that the real Berkovich 
indenter has a tip blunting effect which generates pile-up that may not be of equal length 
and height around all three edges of indentation due to a variable radius of tip blunting. 
Hence, even a 3D finite element model with consideration of tip roundness effect cannot 
predict accurately asymmetric behaviour of pile-up.
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5.3.2 - Reverse Analysis on Al-cladding
The cladding of pure aluminium has a thickness of only 100 pm . Due to this form of 
cladding, tensile testing was not possible and consequently without elastic-plastic 
properties, simulation of the load-displacement curve was not possible.
It has been discussed in earlier sections of this chapter that for Al 2024-T351, elastic- 
plastic properties can be used to simulate the load-displacement curve with FEM. A unique 
set of elastic-properties results in a unique load-displacement curve. This process of getting 
nanoindentation properties from elastic-plastic properties is termed forward analysis. If 
elastic plastic properties are unknown a priori, experimental load displacement curves are 
used to back calculate elastic-plastic properties; this process is termed reverse analysis and 
in this process different dimensionless functions are used to approximate elastic-plastic 
properties and constitutive laws from a single experimental indentation test [9-18].
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Hainsworth et al. [9] showed that every load-displacement curve is a unique outcome of 
specific elastic-plastic properties. Tabor [19] in his work used yield stress at 8-10% plastic 
strain to define hardness for ductile materials i.e. H = 3 cy8_10%. Based on Tabor’s work,
different studies have been carried out describing different functions to approximate the 
elastic-plastic properties from load-displacement curve. In these studies, different values of 
yield stress have been used to determine the level of the plastic strain at which yield stress 
best normalizes the dimensionless functions. Cheng et al. [10-13] used the yield stress at 
10%, Giannkapolous et al. [15] used 29%, Dao et al. [14] used 3.3%, Osgawara et al. [17] 
used 1.15%, and Chollacoop et al. [23] with dual indenters used 3.3% and 5.7%. These 
different definitions of yield stress (i.e at different strain levels) are due to differences in 
terms of functional definitions of their dimensionless functions and have nothing to do 
with the mechanical behaviour of the material. All of these different studies have different 
conclusions about the effectiveness of using the load-displacement curve for extraction of 
elastic-plastic properties [9, 14, 20, and 23]. Alkorta et al. [20] showed that no unique 
relationship exists between load-displacement curve and elastic-plastic properties, and 
different combinations of these properties can generate similar load-displacement curve.
In this study, Tabor’s work is used to define the yield stress used in the simulations and 
10% plastic strain has been used. No specific dimensionless function was used here, and 
instead, all four basic parameters were obtained from the load-displacement curve and 
minimized the difference between these parameters from simulation and experiment. The 
work presented here does not challenge any of the conclusions which have been made in 
earlier research but this was an attempt to characterize the elastic-plastic properties of the 
cladding which were required for further work in terms of the response of load- 
displacement curves in existence of residual stresses.
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5.3.2.1 - Indentation Load-displacement Curve
The load-displacement curve for a typical experimental nanoindentation consists of loading 
and unloading sections. The loading curve behaves according to a power law and can 
completely be described by its curvature C and maximum load . On the other hand, 
the unloading curve can be fully described by the gradient of the initial part of the loading 
curve, which is known as stiffness S , and upon the elastically recovered depth hf . Based
on the maximum depth of penetration and the depth at the end of unloading hf , the 
elastic, plastic and total work of indentation can be determined as discussed in chapter 3. 
These four parameters i .e .C  ,Pmax, S  and hf/hrm* (or Wp IWt ) had been used in different
dimensionless functions in earlier studies to obtain elastic-plastic properties from the load 
displacement curve [10-18].
Characteristically, the indentation load-displacement curve for an elastic-plastic work 
hardening solid is a function of indentation depth h , elastic modulus E , initial yield stress 
a Y, indenter half angle 0 ,  work hardening exponent n and Poisson’s ratiov. With the 
assumption of certain parameters, the number of variables can be reduced. All of the 
simulations were carried out with a cone of semi apex angle 0 = 70.3° to an indentation 
depth of lOOOnm. Considering that there is almost no effect of Poisson’s ratio on the load- 
displacement curve, and for most of aluminium alloys this ratio is 0.33 [27], it was 
assumed constant in this study. The elastic modulus E  for pure aluminium may lie in 
range of 65-70GPa [27], so 67GPa was chosen as the value of modulus to make reverse 
analysis much more simplistic.
These assumptions reduced the number of variables to only two i.e. the initial yield stress 
c Y and work hardening exponent n and all of the simulations performed were described 
by only these two parameters.
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5.3.2.2 - Error Analysis
Experimental indentation tests were performed on the cladding and the four parameters 
C, S ,Pmax and W  jW t were calculated from each indentation. The elastic-plastic properties
of many engineering metals under loading can be described by a true stress-strain curve as 
shown in Fig.5.5. According to this, a set of E, v, a y ,a n d  n are required to describe the
constitutive behaviour of any material. For simulation of nanoindentation, one particular 
material constitutive law generates its own distinct set of four indentation parameters as 
discussed above. As we have concluded that Poisson’s ratio and elastic modulus are 0.33 
and 67GPa for cladding so only initial yield stress c Y and strain hardening exponent n 
were required for definition of the elastic-plastic properties in simulation.
Stress
CT=E8
Strain E
Fig. 5.5 - Constitutive law used to define elastic-plastic properties for FEM
The initial yield stress and work hardening exponent were chosen carefully. According to 
Tabor’s relation, the hardness of any elastic-plastic material can be expressed as 
H=3 cry8_10%. In chapter 3, the hardness of Al-cladding was found as 0.45GPa. This value
of hardness leads to a yield stress of 150MPa at 8-10% of plastic strain. This implies that
the initial yield stress at 0% plastic strain may lie in a range of 90 to 130 MPa
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approximately. The clad consisted 99.5% Aluminium and pure aluminium is considered as 
elastic-fully plastic having no or very low work hardening exponent. So in reverse analysis 
range of yield stress from 40MPa to 160MPa in a step of lOMPa was used which lead to 13 
values of initial yield stress and work hardening from 0 to 0.2 in a step of 0.025 was used 
which lead to 9 values of strain hardening exponent. In total this made 108 sets of g k and 
n.  For all these 108 sets simulations were performed to obtain load-displacement curves 
and subsequently C , S , Pmax and W /W t . Distributions of these four parameters for all
values of g y and n are shown in Fig. 5.6.
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These four parameters for each simulation were compared with the experimentally 
obtained values of these parameters. Error values ei, e2 , e3 and were calculated for each 
parameter between the simulated and experimental value for each parameter and then the 
total cumulative error e was calculated. For every single indentation test, a set of c Y and n 
was found which generated least percentage of total error. The scheme of this reverse 
analysis is shown in Fig.5.7 (a) while the error variation for different combinations of g y 
and n is shown in Fig.5.7 (b). It is clear that the least error occurs in a region 90 to 140 
MPa in terms of initial yield stress.
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Table 5.1 shows all parameters obtained from five lowest error sets of c Y and n for four 
different indentation experiments. The main source of the error was the stiffness which was 
obtained by slope of initial part of the unloading curve. Experimental indentations were 
made at a maximum depth of lOOOnm but due to the softness of cladding, even for 
experiments at 0 sec hold time, the clad starts to creep. This results in slightly higher depth 
of up to 1010-1020nm which gives a slightly different stiffness as compared to
simulation. The rest of the parameters yielded nominal errors up to 0.05%. From table 5.1, 
it is clear that a yield stress of 100 to 120 MPa with a strain hardening coefficient 0.05 to 
0.1 are the possible values for the clad. Fig.5.8 (a) shows a comparison of load- 
displacement curves for test # 1, between experimental and simulated load-displacement 
curves; which agreed well with each other. Fig.5.8 (b) shows the stress-strain curve
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obtained for these sets of o Y and n , and it can be seen that there is not a significant 
difference in curves.
Test
No.
Total
Error
(%)
Yield
Stress
(MPa)
Strain
Hardening
ti
Curvature
C
(GPa)
Load
p£ max
(mN)
Stiffness
S
(N/m)
w/w,
Exp. FEA Exp. FEA Exp. FEA Exp. FEA
8.02 120 0.050 13.93 13.51 560000 0.968
10.65 130 0.050 15.86 15.99 584130 550800 0.964
1 12.05 120 0.025 14.07 13.07 13.18 12.96 568400 0.964 0.97
13.66 110 0.075 13.71 13.59 532300 0.968
17.36 100 0.100 13.59 13.53 520770 0.968
12.43 90 0.15 13.72 13.39 509400 0.968
16.81 100 0.100 13.59 13.53 a/i n  a aa 520770 0.96S
19.41 90 0.125 13.74 14.37 12.89 14.09 43U40U 516200 0.964 0.968z 20.48 110 0.075 13.71 13.59 532300 0.968
21.37 100 0.075 12.72 12.81 531980 0.97
14.23 90 0.150 13.72 13.39 509400 0.968
14.56 100 0.125 14.37 14.09 516200 0.968
a 16.74 100 0.100 19.51 13.59 12.80 13.53 520770 0.965 0.9685 18.90 110 0.100 14.58 14.49 414Z1U 525050 0.966
20.39 110 0.075 13.71 13.59 532300 0.968
11.57 90 0.150 13.72 13.39 509400 0.968
15.89 100 0.100 13.59 13.53 520770 0.968
A 17.03 90 0.125 14.58 14.37 13.51 14.09 516200 0.964 0.9684 19.01 100 0.075 12.72 12.81 4 /D/ /U 531980 0.97
19.45 110 0.075 13.71 13.59 532300 0.968
Table 5.1 - Reverse analysis for Al cladding for first five least error generated set of
a Y and /I
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Further refinement towards an accurate set of g y and n was made by examining pile-up 
height for these simulations. As discussed earlier, pile-up is a function of E / gy and n , so 
to confirm that the reverse analysis gave values of c Y and n that produce similar pile-up 
to experiment, the height of pile-up was plotted the five lowest error sets of a Y and n  for 
test #1, and compared with the AFM measured pile-up for experimental nanoindentation as 
shown in Fig.5.9 (b). Fig.5.9 (a) shows an AFM scanned image of an indent in the clad and 
it can be seen clearly that the extent of the pile-up is not symmetric. Although the 
axisymmetric model does not accurately characterize the 3D morphology of pile-up, the 
vertical height of the pile-up obtained from simulation and AFM agreed well with each 
other as shown in Fig.5.9 (b).
Due to the absence of true friction coefficient, the tip bluntness effect in the model and 
limitation of the axisymmetric model to predict actual 3D morphology of pile-up, it was 
decided that accurate characterization of pile-up was not feasible and hence in this study 
more emphasis was given to other indentation parameters which were easier to obtain from 
the axisymmetric model. These indentation parameters will be used to approximate the 
elastic-plastic properties of clad.
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With very little difference in the load-displacement curves and pile-up height for the five 
lowest error sets of c Y and n , it was very difficult to find the best suitable values. In 
Fig.5.8 (a), set (130,0.05) was rejected as it deviated most from the experimental load- 
displacement curve. Information about the hardness of clad in chapter 3 showed high 
values as compared to pure aluminium, so this implied that work hardening was a factor 
for significant increase in hardness. Pure aluminium has very low hardness and work 
hardening but due to relatively higher hardness as obtained in this study (chapter 3), it was 
anticipated that there is some work hardening in clad and 0.075 was chosen as approximate 
work hardening of cladding. Consequently llOMPa was taken as the initial yield stress of 
the clad. In confirmation of these parameters, nanoindentation properties were calculated 
from simulation at (110,0.075) and compared with experimental results of Pmax, hc
and Ac . Excellent agreement was found as shown in Fig.5.10.
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So it was concluded that there are different set of yield stress and work hardening which 
can yield similar load-displacement curves from simulation as of experiment. Reverse 
analysis is an effective approach to approximate elastic-plastic properties and can work 
well if the number of parameters can be reduced based on information about the material.
5.4 Conclusions
Finite element simulations have been performed to obtain load-displacement curves in 
comparison with experiments. With this simulated study of the nanoindentation process, 
the accurate determination of area is possible which is a necessary calculation for residual 
stresses. In forward analysis, the material properties of Al 2024-T351 were obtained from 
tensile testing and were used to simulate the nanoindentation process. Excellent agreement 
was obtained between experimental and simulated nanoindentation properties. Pile-up 
characterization was performed with the help of simulation and it was found that elastic- 
plastic properties obtained from tensile testing provide similar information of pile-up as 
compared to experimental information obtained from AFM.
For cladding, due to the absence of elastic-plastic properties, reverse analysis was 
performed from indentation load-displacement curve for curvature, maximum load 
stiffness and ratio of plastic to total work of indentation. Initial yield stress and work 
hardening exponent, obtained from reverse analysis, did simulate load-displacement curve 
excellently. With due consideration of different aspects, a yield stress of 110-120MPa and 
0.075-0.1 as work hardening was obtained for Al cladding.
Forward analysis and reverse analysis applied effectively on two parts of clad Al 2024- 
T351. With different known parameters in both of the analyses, simulation of 
nanoindentation process was performed successfully.
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Chapter 6: Effect of Residual Stress on Nanoindentation 
Response of Al-cladding and Al 2024-T351
6.1 Introduction
Experimental and finite element simulations have been used to study the effect of uniaxial 
and biaxial residual stresses on nanoindentation response. The results were used to develop 
a methodology which could be applied to residual stress measurement around scribe 
marks. Tensile and compressive residual stresses lead to changes in the nanoindentation 
response. Loading and unloading curves were studied to observe the effect of residual 
stresses. Maximum load of indentation, curvature of the loading curve, elastically 
recovered depth, work of indentation, pile-up and contact area were measured and found to 
have a linear relationship with residual stress. To calculate residual stress from load- 
displacement curve, it was concluded that pile-up should be measured carefully.
The influence of residual stress on load-displacement curves has been investigated in 
earlier studies both experimentally and with Finite Element modelling [9-18]. Different 
parameters, includes hardness [9], loading behaviour [12-14], maximum indentation depth, 
contact area [11], pile-up [15] and unloading behaviour [16-18] can be compared to 
estimate the effect of residual stresses. There are a few models available also to extract 
residual stresses from nanoindentation load-displacement curves [10-15].
Numerical simulation of the nanoindentation process from FEM has been widely 
performed by many researchers [1-3]. Elastic-plastic properties obtained from tensile 
testing have been used successfully to simulate nanoindentation load-displacement curves 
which give an insight into the mechanical behaviour of the surface during loading and 
unloading. These FEA based simulations of the indentation process can be used to study 
the response of the material under residual stresses [11, 16-18]. Experimental and finite 
element based studies have shown that the nanoindentation load-displacement curve
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changes in the presence of residual stresses. However, the nanoindentation parameters 
obtained from load-displacement curves are also affected by material properties such as 
£/<Ty ratio, work hardening exponent. Based on these mechanical properties slope of 
variation of these parameters changes as well [16-17].
This chapter presents results of experimental and finite element simulations for the effect 
of residual stresses on nanoindentation properties. Experimental indentations were 
performed with uniaxial and biaxial loading apparatuses (used for simulation of residual 
stresses) and load-displacement curves were studied thoroughly. Finite element simulations 
were used to observe the effect of residual stresses on nanoindentation response for Al- 
cladding and Al 2024-T351. From experimental and simulations results, it was observed 
that the load-displacement curve changed as compared to the stress free condition when 
residual stress was present prior to indentation. The loading as well as the unloading part of 
the load-displacement curves were affected by residual stress. For both Al 2024-T351 and 
Al-cladding, the curvature of loading curve increased and yielded a higher value of 
maximum load of indentation. Similarly, the unloading curve started to shift towards the 
loading curve for compressive residual stress and moved away for tensile residual stress. 
Due to this shift in load-displacement curve, the nanoindentation properties so obtained 
changed as well.
Based on the results obtained from experiments and simulations, a methodology was 
developed from which equi-biaxial residual stress can be extracted from indentation load- 
displacement curves. This developed methodology will be applied to scribe marks to 
extract residual stresses from the load-displacement data.
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6.2 Materials, Experimental and Finite Element Simulation Details
6.2.1 M aterials Details
The materials studied were Al-cladding and Al 2024-T351. Mechanical properties have 
already discussed in chapter 3.
6.2.2 Experim ental Details
A rectangular plate was used as a sample for uniaxial loading and a cross shaped sample 
was used for biaxial loading. Fig.6.1 shows the uniaxial and biaxial samples mounted in 
their respective apparatuses. Biaxial strain gauges were used to measure the in-plane 
components of the strain i.e. £ xx and e  . Uniaxial and biaxial loading was applied and the
effective stress field was calculated from biaxial stress-strain relations. As the cladding 
was in a very thin form of 100 pm on both sides of the plate, it was not possible to get its 
response under loading from these apparatuses, hence, in this study only Al 2024-T351 
plates were used for experimental investigations.
(a)
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(b)
Fig. 6.1 - A pparatus for artificial stress (a) Uniaxial loading (b) Biaxial loading
Indentations were carried out very near to the strain gauges to avoid any effect of change in 
stress state, and load-displacement curves were obtained at different stress levels. All 
indentations were carried out to 600nm depth to get minimum pile-up with the similar 
procedure as discussed in chapter 3.
6.2.3 Finite Elem ent Simulation Details
Simulations were performed for both Al-cladding and Al 2024-T351 in the FEM package
ABAQUS using a deformable axisymmetric material and a rigid indenter. Model size of
2mm x 2mm was constructed in two parts: an indenter and the test material, with
axisymmetric geometries. The test material was modelled with four node axisymmetric
reduced integration element CAX4R while the indenter was modelled as a rigid element.
The Von-Mises yield criterion was applied for determination of plastic deformation. The
indentation region was very small as compared to the size of the model and because of the
straining around the indented region, a fine mesh size was used around the near contact
regions. The total number of elements was 8500. The indenter was considered as a perfect
rigid cone of the same area-depth function as a Berkovich indenter, as a cone of 70.3°
gives the same area-depth function as a Berkovich indenter [1-3].
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The equibiaxial compressive or tensile stress was introduced into the model by prescribing 
an axial displacement prior to the indentation parallel to the top surface of the material. A 
different mesh scheme was used here compared to the finite element model used in chapter 
5. This new mesh scheme allowed set-up of equibiaxial stresses whenever an axial 
displacement parallel to the top surface was applied prior to indentation. Whenever initial 
stresses prior to indentation were applied in mesh scheme used in chapter 5, due to the 
different mesh size and density used (finer near indentation region), a difference in the two 
components of the stress obtained. A typical example of assigning an initial stress with 
new mesh scheme is shown in Fig. 6.2 (b) and (c) and has been used earlier successfully
[17]. A schematic representation of the model is given in Fig.6.2 (a). More in-depth details 
of the model have already been discussed earlier in chapter 5.
2mm
Fig. 6.2 (a) - Schematic of Finite Element Model
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6.3 Results and Discussion
6.3.1 Experimental Investigation
6.3.1.1 Uniaxial Stresses
Fig.6.3 shows load-displacement curves obtained for different uniaxial stress states and it 
can be seen that as compared to the stress free loading curve, for compressive residual 
stress loading curve moved up and an opposite effect was obtained for tensile residual 
stress. With this change in loading curve path, the curvature and maximum load-of 
indentation changed as well.
700400
Indentation depth (nm)
500 600200 300100
Fig. 6.3 - Load-displacement curves for uniaxial residual stresses
Fig.6.4 shows the variation of maximum load of indentation with respect to different 
residual stress levels for two different samples. Residual stress was normalized with 
respect to yield stress o Y of Al 2024-T351. It can be seen that for both of the samples a 
linear trend for variation of maximum load of indentation was obtained, though data was 
not present in a wide range in tensile region as compare to compressive region due to the 
limitations of the apparatus.
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Fig. 6.4 - Variation of maximum load of indentation with uniaxial residual stresses 
6.3.1.2 Biaxial Stresses
The sensitivity of nanoindentation load-displacement curves with respect to the individual 
components of the stress was examined from biaxial loading. Load-displacement curves 
obtained from biaxial loading produced twice the effect on indentation parameters as 
compared to uniaxial loading. Typical example of shifting of load-displacement curves are 
shown in Fig.6.5 (a).
The most significant effect of the biaxial loading was obtained for pure shear, in which no 
effect on the load-displacement curve was obtained. It is clear from Fig.6.5 (a) that those 
load-displacement curves of G ^ / G y  = + 0 .1 7 ,0 ^  / g y = -0 .1 7  and the stress free
conditions were almost the same. The effect of one component of the stress 
Gxx/ g y =+0.17 had been cancelled by the other component G ^ / G y  = -0 .1 7 , opposite
in sign but equal in magnitude. This was consistent with the investigations of Lee et al.
[14] where there was no effect of pure shear obtained on nanoindentation load-
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displacement curves. This indicated that the stress ratio (k^G ^ / o  ) which is ratio of the
minimum stress component to maximum stress component, plays an important role and 
whenever they are same (k= positive) in terms of type (tensile or compressive) they 
support each other and produce a cumulative effect on the load-displacement curve. On the 
other hand when they are opposite in type (k= negative) they negate the effect of each 
other and produce no effect for the case of pure shear (k= -1).
— o /a  =+0.38,c  /a  =+0.38 xx Y yy Y
—•—a  l a =+0.55,a /ct =+0.55vv  V * u u  Y
a /a  =+0.17,a  la =-0.17vv  Y 9 u u  Y
Z  12
300 400
Indentation depth (nm)
700200 500 600100
(a)
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Fig. 6.5 - Variation of indentation response with biaxial residual stresses
(a) Load-displacement curves (b) Maximum load variation
Due to the design of the apparatus, only tensile loading was possible. Compressive loading 
was tried but due to the very small thickness (2mm) of the sample, bending of the sample 
started to occur whenever compressive loading was applied. This bending results in a 
component of the strain perpendicular to the sample plane for which with biaxial strain 
gauges were not useful. Hence, the nanoindentation response with compressive loading 
was not obtained.
Another important issue during loading was change in compliance. Nanoindenter testing is 
recommended with a standard loading tray in which samples are mounted and is used 
robustly for material characterization. The loading apparatuses were designed and 
fabricated with due care to make sure that loading apparatus should be of same size and 
weight, yet some difference in weight occurred due to sample geometry (rectangular for
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uniaxial stresses and cross shaped for biaxial stresses) and strain gauges mounted on the 
sample. Although, the MTS nanoindenter tries to correct compliance yet difference in 
nanoindentation response is obtained (especially in the slope of unloading curve as shown 
in Fig. 6.5 ( a ) ) whenever the same sample was loaded with different stress condition. This 
difference in the nanoindentation response resulted in scatter in the data obtained for a 
given stress condition.
Hence, due to the limitation of the capabilities of the apparatuses to induce different level 
of all stress states, a more comprehensive study was carried out through finite element 
simulations. Due to the fact that aluminium alloys start to show pile-up even for stress free 
materials, and the level of pile-up is highly dependent on the magnitude and type of the 
residual stress, calculation of true contact area from the load-displacement curve based on 
Oliver-Pharr method was not possible. Atomic force microscopy was required for every 
state of the residual stress to calculate the true contact area which itself was a tedious task. 
So, instead of calculation of true contact area from experimental nanoindentation, again 
finite element simulations have been used to study the effect of residual stresses on load- 
displacement data.
6.3.2 Investigation through Finite Element Simulation
For every single indentation a load-displacement curve is obtained which gives 
information about the response of the deformation of the material. As discussed in chapter 
5 section 5.3.2.1 curvature C is obtained by fitting the loading curve with a second order 
polynomial [4].
P = Ch2 (6.1)
Contact depth hc, area of contact Ac and stiffness S  can be obtained using Oliver-Pharr 
model [5] from equations 6.2, 6.3 and 6.4 respectively which are given below.
A = 24.5/ic2 (6.3)
lmax
(6.4)
Based on maximum depth of penetration h ^  and depth at the end of unloading hf , the
elastic, plastic and total work of indentation can be determined as shown in eq. 6.5, 6.6 and 
6.7. Details for these parameters have already been given in chapter 3.
Parameters at a certain depth are considered as the response of a stress free material. The 
existence of residual stresses prior to indentation strongly affects the load-displacement 
curve. All of the above discussed parameters change with a change in the load- 
displacement curve. Simulations of indentation for a fixed depth of 600nm were carried out 
with normalized residual stress o r/ a y ranging from -0.63 to 0.63 prior to indentation. 
Loading and unloading curves both were affected by residual stresses and it was observed 
that curves move in different directions with respect to the stress free load-displacement 
curve depending upon the sign of a r/ c Y .
6.3.2.1 Effect on Load-displacement Curve
Fig.6.6 shows load-displacement curves for compressive, stress free and tensile residual 
stress conditions for Al-cladding. It can be seen that both loading and unloading curves 
were affected by residual stress. As compared to the stress-free condition, the path of the 
loading curve changes and consequently shows variation in slopes with residual stresses. A 
similar behaviour was observed for the unloading curve which shifted towards the loading 
curve for compressive residual stress and away for tensile residual stress.
(6.5)
Wp = hf W ,/h ma (6.6)
W, =W„ +We (6.7)
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Fig. 6.6 - Effect of residual stress on load-displacement curve for Al-cladding
6.3.2.2 Effect on Loading Curve
As discussed earlier, the two parameters which are obtained from the loading curve are C  
and P ^ .  For compressive residual stresses, more force was required to penetrate to a
specific depth, hence the maximum load increased, and the opposite effect was
observed for tensile residual stresses. To attain a high load in compression and less in
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tension, the loading curve moved up and down for compressive and tensile residual 
stresses respectively, and consequently the curvature C of the loading curve was affected. 
Fig.6.7 (a) and (b) shows the behaviour of these two parameters and a direct relation was 
observed with residual stresses.
There was a significant difference in the maximum load and curvature for both of the 
materials for a specific residual stress. Owing to the higher yield stress of A1 2024-T351 as 
compared to the cladding, more force was required to penetrate to a depth of 600 nm. The 
maximum load for A1 2024-T351 was from 14 to 10.5 mN in the compressive and
tensile regions (-0.63 a Y to +0.63 o Y) respectively while this range remained from 5.3 to 
4.6 mN for Al-cladding.
It can be seen that although there was direct relation between residual stress and change in 
Pmax but the slope was higher in the case of A1 2024-T351. As both materials have almost 
the same elastic modulus and strain hardening exponent, this change in slope can be 
attributed in P ^  was due to the higher yield stress of A1 2024-T351. A similar effect was 
observed for the curvature of the loading curve of these two materials as shown in Fig.6.7 
(b). It was found that the slopes of P ^  and C are directly related to the yield stress of the
material, and a higher yield stress results in a higher slope of P ^  and C .
Data for the variation in P ^  and C for both of the materials can be described by 
equations given below;
L .  = « —  + b (6.8)
<j y
C  = a —^  + b (6.9)
<*Y
Values for the constants a and b for both materials are given in Table 6.1. It can be seen 
that there is significant difference between the slopes and intercept values for both 
materials, with smaller values for the Al-cladding as compare to A1 2024-T351.
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Fig. 6.7 - Effect of residual stress on the loading curve for Al 2024-T351 and Al 
cladding (a) Variation in maximum load (b) Variation in curvature of loading curve
6.3.2.3 Effect on Unloading Curve
For compressive residual stresses, material tried to move up more which resulted in more 
amount of material recovered from deformation while for tensile residual stresses material
behaved oppositely and less amount of material recovered elastically. In the FE simulation, 
due to this change in elastically recovered depth, the unloading curve moved towards the 
loading curve for compressive residual stress and away for tensile residual stress. This 
change in position of the unloading curve resulted in an increase in the elastically 
recovered depth he for compressive and a decrease for tensile residual stress. With an
increase in elastically recovered depth for compressive residual stress, final depth hf
decreased and the ratio hf  / h max decreased, and the opposite effect was observed for
tensile residual stress. This ratio of final depth to maximum depth hf  l h max is a parameter
which gives information about the part of the deformation which was not recovered 
elastically and at the same time it is equivalent to the ratio of plastic work to total work 
Wp jW t as can be obtained from eq. 6.5 and 6.6.
0.98
Al 2024-T351 
Al-cladding
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Fig. 6.8 - Effect of residual stress on Wp/W t for Al 2024-T351 and Al-cladding.
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Fig.6.8 shows that a direct relation for ratio Wp/W t with residual stress and this ratio 
decreased for compressive residual stresses and increased for tensile residual stresses. 
Wp /W t varied from 0.905 to 0.925 for Al 2024-T351 for stresses in the range -0.63 o Y to
+0.63 <7y , and varied from 0.965 to 0.97 for the Al-cladding. As Al-cladding has a lower 
yield stress so it has less elastically recovered depth. This results in the area under the 
curve being more dominated by plastic deformation so W  /W t was higher for the Al-
cladding as compared to Al 2024-T351.
Additionally, slope of change in W  /W t for Al-cladding was less as compare to Al 2024-
T351. The same amount of residual stress produced a greater change in Wp/W t for Al
2024-T351 as compared to the Al-cladding. As both materials have almost the same elastic 
modulus and strain hardening exponent, this difference can attributed to the lower yield 
stress of the Al-cladding. Xu et al. [16-17] showed in their study that the slope of W  /W t
is independent of the strain hardening of the material and directly dependent on the E / g y 
ratio of the material.
As there was a direct relation of residual stress with W  jW t so the data in Fig.6.8 can be 
described as similar to equation 6.8 and 6.9.
w P/W ,=  a —  + b (6.10)
Oy
The values for a and b for both materials are given in Table 6.1. Again it was clear that 
the slope and intercept values for Al-cladding were less as compared to Al 2024-T351.
6.3.2.4 Effect on Pile-up
For aluminium alloys, due to their low hardness and small strain hardening exponents, 
pile-up around indents start to occur even at low loads [8]. When residual stressed material 
was indented, pile-up started to change as compared to stress free condition. During
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indentation of a compressive residual stress region, material was pushed-out to the 
indented surface, which resulted in more pile-up, and tensile residual stress pulled-in to the 
material surface which resulted in less pile-up. The surface profiles of indentation at the 
end of loading step for different residual stresses are shown in Fig.6.9.
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Fig. 6.9 - Effect of residual stress on surface profile of indentation from Al-cladding
From Fig.6.9 it is clear that pile-up height increased for compressive residual stress and 
decreased for tensile residual stresses. It can be observed even at zero stress condition that 
there was pile-up around the indents which showed that this effect of pile-up is not only 
due to the residual stress but is also a characteristic of the material which was indented.
It can be seen that the pile-up height was more affected in tension as compared to 
compression, and a similar amount of tensile residual stress produced more change in pile- 
up height as compared to compressive residual stress. This non-linearity was first reported 
by Tsui et al. [9] when reporting the hardness results in the presence of residual stresses.
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6.3.2.5 Effect on Contact Area
The contact area of the indentation can be calculated from load-displacement data based on 
the method proposed by Oliver & Pharr [5] from eq. 6.3. The area of contact Ac , which O-
P model calculates from the load-displacement curve, purely depends upon the part of the 
indenter which penetrates in to the material and doesn’t take into account the amount of 
pile-up of material which comes out during indentation. As pile-up around the indenter 
depends upon the residual stress state, so the contact profile of each simulation was used to 
calculate accurate contact depth and consequently the corrected contact area A c,. A c, /A c
was calculated, to normalize the area obtained from FEM with the area from O-P model 
from eq. 6.3.
Fig.6.10 shows the effect of residual stress on contact area for both materials. It is 
noteworthy that at zero stress, Ac, /A c was not equal to unity due to the fact even for a
stress free material pile-up was obtained as discussed in chapter 3. It can be seen that 
residual stress produced a significant change on the area of contact and due to the lower 
yield stress of the Al-cladding; the residual area due to indentation was greater. So for the 
same depth and residual stress, a higher indentation area was obtained for the Al-cladding 
as compared to the Al 2024-T351, which had higher yield stress and greater hardness. The 
area ratio for Al-cladding was from 1.5 to 1.25 for stresses in the range -0.63 a Y to 
+0.63 g y , and varied from 1.4 to 1.1 for the Al 2024-T351. One thing which was notable 
that the slope for both materials remained almost the same, which showed that there was 
no effect of yield stress on slope of area. Xu et al. [16-17] reported that the slope of contact 
area was dependent on the work hardening exponent and remained independent for E / g y 
ratio.
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Fig. 6.10 - Effect of residual stress on contact area for Al 2024-T351 and Al-cladding.
It was observed that A c, /A c had a linear relationship with residual stress: it increased for
compressive residual stress and decreased with tensile residual stress as shown in Fig.6.10. 
Although the contact area varied with residual stresses, the slope of variation of this ratio 
was not the same for compressive and tensile residual stress. In the tensile region, the slope 
of A c, /A c was higher, in agreement with the non-linearity first reported by Tsui et al. [9].
This was due to the fact that a same numerical value of tensile residual stress decreased 
pile-up more as compared to a compressive residual stress. This different trend in area ratio 
was in agreement with Suresh & Giannokoplous [11] who reported a non-linear trend of 
area ratio and used different area ratios to extract residual stresses from their model.
From Fig.6.10, it can be seen that a separate set of equations is required to define the 
compressive and tensile region behaviour so data can be described as;
—  = a c — +£>c (6.11a) , ^  = aT ^ -  + bT (6.11b)
4 °Y 4 ° i
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Values for a and b are given in Table 6.1. It can be seen that the values of the slope i.e. a 
were the same for both materials in compression and tension but the intercept values b 
were different and were higher for the Al-cladding.
Using the constants from Table 6.1, eq. 6.11 (a) and (b) can be used to estimate the 
residual stress for the Al-cladding and Al 2024-T351, if the area of contact including pile- 
up A c,, is known. This particular equation is only useful for finite element studies, and has
less importance for experimental studies in which measurement of area by means of optical 
microscopy or AFM is challenging, and the change in area of contact with residual stress 
requires measurement of contact area at every single location which is a tedious task.
This relationship shows that whenever experimental indentation is performed on any 
unknown residual stress region, piling up of the material has to be calculated to allow the 
correct area of the contact obtained from the O-P model. For very local residual stress 
fields e.g. a near surface region, this pile-up would change at every location and AFM or 
some other technique is required to accurately measure the true area of contact, which 
itself is a source of error.
6.3.3 Empirical Model for Estimation of Residual Stress
The area obtained from indentation was directly related to the change in final depth hf  of 
the indentation. Any change in residual stress introduced a change in the area of contact 
and consequently in final depth hf  of the indentation. This change in hf  resulted in a
change in Wp/W t . When plotting Wp/W t with Ac, /A c , a direct relation was obtained as
shown in Fig.6.11. Again a non-linear trend was obtained due to the non-linearity of pile- 
up height in both the compressive and tensile regions.
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Fig. 6.11 - Relation between work ratio and area ratio for
(a) Al 2024-T351 (b) Al-cladding
To calculate the area of contact, including pile-up, the data of Fig.6.11 can be described as,
A W  A W
^  = ac - ^  + bc (6.12 a) , ^  = aT ^ -  + bT (6.12 b)
Ac W, Ac W,
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Values for a and b are given in Table 6.1. Different slope and intercept values were 
obtained for both materials in compression and tension.
So for extraction of residual stresses from experimental load-displacement curves eq. 6.12 
can be used to obtain the area ratio Ac, / A c from Wp/W t ratio, and then eq. 6.11 can be
used to obtain residual stress c r / o Y based on Ac. I Ac.
Material Coefficient
Relation between
Pmax
and
<Tr /(TY
C
and
° r / ° Y
Wp/Wt
and
<Tr /<TY
A c '/A c
and
(Tr /(TY
A c '/A c
and
wp/wt
Al-
cladding
a -0.5284 -1.5636 0.0024
c -0.1163 c -70.8436
T -0.2798 T 69.9161
b 5.0674 14.0600 0.9669
C 1.4387 C -82.1432
T 1.4431 T 80.8367
Al 2024- 
T351
a -2.545 -8.2633 0.0134
C -0.1636 C -13.6242
T -0.3076 T -20.3904
b 12.347 34.1612 0.9155
C 1.2954 C 13.7617
T 1.2886 T 19.5442
Table 6.1 - Slope and intercept values obtained from fitting of data for Al-cladding
and Al 2024-T351.
6.4 Conclusions
Finite element simulations have been carried out to study the effect of residual stress on
nanoindentation response of Al-cladding and A1-2024-T351. It has been found that
nanoindentation properties including maximum load of indentation, curvature of the
loading curve, elastically recovered depth, final depth, work of indentation and area of
contact were affected by the presence of residual stresses. Expressions were derived to
extract residual stresses from change in nanoindentation parameters including maximum
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load, curvature, ratio of work of indentation and ratio of contact area. When plotting 
Wp/W t with Ac, /A c maximum load, curvature of loading curve, to estimate residual
stresses. Pile-up height and area of contact showed a non-linear behaviour for its variation 
in compression and tension.
For experimental indentation, where measurement of the true area of contact including 
pile-up is a challenging task, the area of contact can be extracted from its relation with 
Wp/W t from eq. 6.12. Once true area of contact is known then residual stress can be
extracted based on relations described in eq. 6.11. The developed technique will be applied 
on scribe marks from different tools and subsequently residual stresses will be extracted 
from load-displacement data.
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Chapter 7: Measurement of Strain and Stress Fields and 
Local Hardening around Scribe Marks of Different 
Geometries in Aluminium alloy 5091 and 2024-T351
7.1 Introduction
The growth of fatigue cracks from small defects is of tremendous importance and of 
primary concern in structural integrity of aerospace structures. In fatigue, a crack initiates 
from a stress concentration location and can cause premature failure. The fatigue life for 
scribes is a function of the stress concentration around the root which depends upon the 
depth and root radius of the scribe, the associated microstructure, the residual stress field, 
work hardening from plastic deformation during scribing and relaxation or redistribution of 
these residual stresses in fatigue [6-8, 11-12]. Several investigations have been done in the 
past to address the issues associated with stress concentration and microstructural 
distortion around small damages [1-2, 4, 6, 8-10] but a thorough understanding of the 
effect of the residual stress around scribe marks and scratches is yet to be obtained.
The distribution of damage controls the initiation and early growth of fatigue cracks. Under 
fatigue residual stresses are responsible for changing the mean stress value and thus may 
accelerate or retard the crack growth if they are tensile or compressive respectively. 
Unfortunately the ability to measure local residual stress-strain fields around scribes is a 
difficult experimental problem due to the presence of high stress gradients around the 
scribe root. To probe these local residual stress fields experimental techniques are required 
that have spatial resolution of the order of a few microns, for which synchrotron X-ray 
diffraction is an ideal technique. Synchrotron X-ray methods are well suited to the 
investigation of residual stresses in the near-surface regions of engineered components
[13]. The high intensity and low divergence allows small gauge volumes to be defined in 
order to study stress fields existing over a range of several hundred microns.
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In the past, there have not been many studies carried out which focussed on the effect of 
submillimetre deep notches, scribes, gouges or scratches on fatigue life. Most of the 
research has been towards characterization of the effect of foreign object damage (FOD) 
on turbine engine blades in titanium. FOD were created with impact on specimen with 
projectiles of different size and shapes with different velocities. In these studies several 
aspects including residual stresses has been discussed and in almost every study residual 
stresses has been termed as very important factor in affecting fatigue lives However, very 
little contribution has been made on measurement of initial residual stresses around these 
FODs and the effect of fatigue loading in relaxation of these residual stresses [4-10]. First 
time Boyce et al. [11] measured residual stress field around FOD from synchrotron X-ray 
diffraction and found that initial residual stress around the damage was high tensile and 
was 40% of the yield stress. They emphasized that initial residual stress state is 
substantially reduced by relaxation or distribution during fatigue loading and may reduce 
by 30-50% of its initial value after the first fatigue cycle. In another study [12], focussing 
on relaxation of these residual stresses, they concluded that initial residual stress state 
around FOD can decay significantly in fatigue depending upon the applied stress. For Ti- 
6A1-4V, they obtained very little relaxation for 0.35 c Y but for higher applied stress of 
0.54 g y this relaxation reached to 50%. They observed that decay of the residual stress 
state was only during the first cycle and subsequent cycles showed very little further 
relaxation.
Overall, it was observed that to successfully predict, fatigue lives of any foreign object 
damage, scribe marks, scratches, gouges etc. important parameters are stress concentration 
associated with the geometry of damage, associated microstructural distortion, residual 
stress field induced by the damage and subsequent plastic damage distribution and 
relaxation of such residual stresses upon fatigue loading. This chapter presents 
investigation of residual stress field around scribe marks of different geometries in
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aluminium alloy 5091 and 2024-T351 induced by different tools. Residual strain fields 
were measured by synchrotron X-ray diffraction at ID31 beam line of European 
Synchrotron Radiation Facility (ESRF), Grenoble, France
7.2 Materials, Specimen and Experimental Details
7.2.1 Materials Details
Due to the large grain size (-20 pm ) of Al 2024-T351, it was decided that measurements 
will be made using 2mm thick sample of aluminium alloy 5091, produced by a powder 
metallurgy process, which is ideal for synchrotron measurement owing to its fine grain size 
(-0 .6 pm). Material properties for aluminium alloy 5091 are already given in chapter 3.
One scribe of 100 pm depth in unclad Al 2024-T351 was also measured. With much larger 
grain size of clad ( -7 0 pm), it was very difficult to measure residual stress field from 
diffraction and hence none of the samples with clad Al 2024-T351 was measured.
7.2.2 Specimen Details
For both of the materials, 2mm thick plates were used. In total four scribes were produced 
with different tools in different aluminium alloys as discussed previously. Scribe marks of 
125 pm depth and 5 pm root radius were produced in aluminium alloy 5091 with two 
different tools designated as tool A and B. One scribe mark was produced with tool A in 
aluminium alloy 2024-T351 with 100 pm depth and 5 pm root radius. Another tool 
designated as ‘tool D ’ was used to produce scribes in aluminium alloy 5091 with the same 
depth of 125 pm but with a root radius of 50 pm . Details of the scribe marks are given in 
Table 7.1 and cross-sections of these scribes are shown in Fig.7.1. For measurement using 
synchrotron X-rays sample size of 50mm x 50mm x 2mm was used with the scribe mark 
exactly at the centre of the sample.
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Sample # M aterial Tool
Depth
d
(p m )
Root radius 
P 
(p m )
d / p
1 Al 5091 A 125 5 25
2 A l5091 B 125 5 25
3 A l2024 A 100 5 20
4 Al 5091 D 125 50 2.5
Table 7.1 - Scribe m arks used in measurements.
(c) (d)
Fig. 7.1 - Cross-section of scribes (a) Sample 1(b) Sample 2 (c) Sample 3
(d) Sample 4
7.2.3 Experim ental Setup
At the ID31 beam line of ESRF, a monochromatic beam is generated using Si 111 crystals.
The diffractometer, as shown in Fig.7.2, uses a bank of nine detectors to measure diffracted
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intensity as a function of 2 6 . Each detector is preceded by a Si 111 an analyser crystal and 
the detector channels are approximately 2° apart. The use of analyser crystal helps to avoid 
any near surface measurement effects due to partially filled gauge volumes. The energy 
range of ID31 is 5keV to 60keV which corresponds to wavelengths of 2.48 A to 0.21 A.
Fig. 7.2 - D iffractom eter a t ID31 of ESRF
For measurements, the sample was mounted on a translation mounting rig by which the 
sample can be translated in all the x, y and z axes as shown in Fig.7.3. Monochromatic 
radiation of 60keV was used. This corresponds to a wavelength of 0.21 A. Different 
crystallographic planes vary in their deformation mechanism and give different response 
for elastic residual stresses and in consideration of this, the 311 reflection was used [17]. 
As aluminium is FCC (face centred cubic) polycrystalline so the 311 reflection, which is 
most suitable for FCC polycrystals for least elastic anisotropy and best representation of 
the average macroscopic strain within the measurement volume, was used to determine 
inter-planar spacing [18]. The diffraction angle 20 of 9.6° was used. An angular range of
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0.065° for aluminium alloy 5091 and 0.1° for Al 2024-T351 was scanned to locate the 
exact angular position of the peak. The diffraction peak obtained was fitted assuming as a 
Gaussian distribution function using LAMP (Large Array Manipulation Program) [13].
In diffraction, at a particular diffraction angle, the geometry of the gauge volume depends 
upon the vertical opening of the incident beam slit and the opening of the receiving 
detector slit. Due to the very small and local residual strain field associated with scribes in 
an area of 500Jim x 500jam, a very small gauge volume was used. Reflection and 
transmission modes of diffraction were used to measure different component of the strain. 
For measurement in reflection, the horizontal slit gap was 50 pm and the vertical slit gap 
was 80 pm for aluminium alloy 5091 while these gaps were 50 pm and 100 pm 
respectively for Al 2024-T351 due to its relatively large grain size. Similarly for 
measurements in transmission, the horizontal and vertical gap was 80 pm and 100 pm for 
aluminium alloy 5091 while these gaps were 80 pm and 150 pm respectively for Al 2024- 
T351.
Detector
Sample
Fig. 7.3 - Sample in reflection mode of diffraction
Spatial resolution of the measured volume inside a material depends upon the geometry of
the gauge volume and material characteristics. One consequence of low scattering angles
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using high energy X-rays is an elongated gauge volume. The gauge volume was aligned 
such that the long axis was always parallel to the scribe, as in this direction the strain
as a consequence of the elongated gauge volume. In the plane perpendicular to the scribe 
the gauge was ~ 80 x 50 pm. The scatter in strain measurements was found in the order of 
20 p s. The components of the strains are defined in Fig.7.4. The coordinate system has 
been chosen with x  = y  = z = 0 at the scribe root tip and at the centre of the sample. The x- 
direction was parallel to the crack propagating direction while the y-direction was 
perpendicular to the scribe plane and lay in the crack opening direction. The z-direction 
was parallel to the scribe length and this coordinate measured the depth from the scribe 
centre and z=0 was exactly at the centre of the sample. Two components of the strains, 
and e  were measured for every scribe while was extracted from a possible plane
stress or plane strain assumption which will be discussed later in this chapter, e ^  is the 
crack propagating component of strain and e a  is the crack opening component of strain.
To measure e  , reflection mode of diffraction was used and sample was placed as shown 
in Fig.7.5 (a) while to measure , transmission mode of diffraction was used and sample 
was twisted to a new orientation as shown in Fig.7.5 (b).
gradient can be assumed to be zero. Hence there was no significant averaging of the strain
Z
Y
Fig. 7.4 - Strain component’s geometry for scribe
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(a) (b)
Fig. 7.5 - Sample Orientation to measure (a) in reflection for s yy (b) in transmission
for s.
7.3. Results and Discussion
7.3.1 Residual Strains from Synchrotron X-ray Diffraction
Determination of the actual internal stresses is dependent upon measurement of all three 
strain components. Experimentally, this required multiple sample orientations and 
alignments. Because our samples were only 2mm in thickness and scribe was long so 
keeping in consideration of a possible plane stress or plane strain assumption, two 
components of the strain s ^  and e were measured. Third component of the strain
was not measured due to very high spatial resolution requirement hence it was extracted 
from elastic strain equations.
A stress free inter-planar lattice spacing d 0 value was obtained from a region far from the
scratch root which could be considered as stress-free. Strains were calculated from the 
method discussed in chapter 2. The exact position of the scribe root was difficult to 
identify so surface scans were carried out for every scribe to find exact position of its root. 
In principle, the Bragg line intensity starts from zero in air, rises rapidly as the diffraction 
volume enters the material, and reaches a maximum when the diffraction volume is fully 
immersed in the specimen. Once the scribe root’s position was precisely determined, 
measurement started with a coarse scanning pitch of 200 pm on a large region of 1500 pm
each side in the y-direction across scribe root. Three series of measurements in the y-
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direction were carried out at different x-locations to determine the strain. Scanning was 
carried out in the peak strain region with a fine pitch of 20 pm in x-direction through the 
scribe root with different y-locations.
7.3.1.1 Sample 1
For sample 1, coarse scanning with a pitch of 200 pm was carried out in the y-direction 
with different x-locations of x=+5 pm, +80 pm, and +130 pm (arbitrarily chosen) to 
observe strain gradient. e a  and e  were measured and the strain profiles for these 
measurements are shown in Fig.7.6. It can be seen that both of the components were 
tensile residual strain condition with e  much higher as compared to £ a  for this scribe.
At x=+5 pm , below the scribe root i.e. at y  = 0 , e  reached its maximum tensile strain 
value of +1700 micro-strains and started to decrease as distance from scribe root increased 
in +x-direction. e decreased down to +600 ps at x=+80pm and +400 pe at x=+130pm.
On the other side, p re a c h e d  its maximum value of +200 ps at x=+5 pm and decreased to 
100 pe at x=+130pm. For each scan in the y-direction, a variation in strain was present 
until 500 pm on either side of scribe root and after this region a strain free condition was 
present.
One important result of this measurement was that the strain components were not 
symmetric across the scribe root and the profile of the strain showed a deviation from 
symmetric behaviour in the + y  -direction of the scribe root. This irregular behaviour was 
due to the irregular profile of the scribe as shown in Fig.7.1(a). This irregular profile of the 
scribe was a characteristic of tool A, and every scribe produced from this tool had this 
irregular feature as discussed in chapter 3. It was found that strains jumped to slightly 
higher values under this feature o f the scribe.
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This coarse pitch scanning revealed that in the x-direction a high gradient of strain is 
present and the strain field extends 200 pm from scribe root.
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Fig. 7.6 - Strain profiles across scribe for sample 1. 
(a) Transverse component (b) Longitudinal component
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Scanning with a fine pitch of 30 pm was carried out in the x-direction with different y- 
locations and the strain profiles for these measurements are shown in Fig.7.7. It was 
discovered that for sample 1, e  reached a maximum strain of +1700 micro-strain below
the scribe root at y=0. With increase in distance in the x-direction from the scribe root, e  
started to decrease and became compressive after x=+100pm and reached to -2800 p£ . 
However, remained the same for all scans at a tensile strain of about +200 p e .
There was considerable difference between the strain profiles of e  at y=+75 pm and y=- 
75 pm and maximum value of strain was +1000 pe and +200 pe respectively at x=50 p m .
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Fig. 7.7 - Strain profile around sample 1.
(a) Transverse component (b) Longitudinal component
So it was found that sample 1 had a high tensile residual strain field around the scribe root 
in which tensile residual strain reached as high as 1800pe. The tensile field was present up 
to 100 pm in +x-direction below the scribe root and to balance this tensile residual strain 
compressive residual strains were present after x=+100pm .
7.3.1.2 Sample 2
For sample 2, coarse scanning was carried out in the y-direction with different x-locations 
at x=-45pm, +30pm and +75pm. Both £a  and were measured. Fig.7.8 shows the 
strain profiles for these measurements. There was not a considerable difference between 
£a  and £yy for this scribe, primarily due to the reason that no measurement point was
carried out at y  = 0 . At x=+30pm, e  reached a maximum value of +200 p £ . For every
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scan in the y-direction, a variation in strain was present up to 500 pm on either side of the 
scribe root and after this region a strain free condition was present.
So this coarse pitch scanning didn’t disclose peak tensile strain values correctly but 
provided a good estimate of the area in which fine pitch scanning were required.
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Fig. 7.8 - Strain profile around the sample 2 
(a) Transverse component (b) Longitudinal component
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Scanning with a fine pitch was carried out in the x-direction at different y-locations on 
both sides of the scribe centre. Fig.7.9 shows strain profiles for these measurements, e
was much higher than e ^  as was the case with the tool A scribe, but the e  values were 
below than for sample 1. Here e  reached a maximum strain of +1000 pe below the scribe 
root centre i.e. y=0. As the distance from scribe increased in the +x direction, the e  strain 
component decreased down to +200pe at x=+60pm. However, ^ re m a in e d  same for all 
scans at a tensile strain of about +200 p e .
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Fig. 7.9 - Strain profile through sample 2 
(a) Transverse component (b) Longitudinal component
So it was found that sample 2 had a high tensile residual strain field as sample 1, but peak 
tensile values were less than sample 1. The peak tensile strain reached 1000 p e . Not only 
the peak strain values were low but the spatial extent of the residual strains were less as 
compared to tool A, being only 60 pm below the scribe compared to 100 pm for sample 1.
7.3.1.3 Sample 3
Sample 3 was a similar scribe as sample 1 but in A1 2024-T351 and of slightly less depth 
of 100 pm. With larger slit gaps for aluminium alloy 2024-T351 as discussed earlier, 
coarse and fine pitch scanning adopted for samples 1 and 2 was not carried out, because of 
the larger gauge volume so fine pitch scanning would have no advantage here. Scanning 
with a pitch of 100 pm was carried out in y-direction at different x-locations at x=-30pm , 
0, +50pm and +100pm. More time was required for measurement in A1 2024-T351 due to
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the larger gauge volume used for A1 2024-T351 and due to shortage of beamtime only 
transverse component of the strain i.e. e was measured as shown in Fig.7.10. Due to
large gauge volume, residual strains at x  = 0 did not show any reliable information about 
the residual strains due to the fact that it represented average value of the strain for a 
partially filled gauge volume included behind the root area. It can be seen that e  for this
sample was very much similar to that obtained for sample 1. For a scan at x=+50 pm ,
below the scribe root at y = 0 , e  reached maximum value of +2000 pe and started to
decrease with increase in distance from scribe root. One line of the scan was carried out 
behind the scribe root at x=-30pm and this region was in overall compression and the
maximum value of strain was -1700pe. With the same values for e  for this scribe as 
obtained for sample 1 and because beamtime was limited, it was assumed that the other 
component, £ a , would show a similar trend as was obtained for sample 1.
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Fig. 7.10 - Strain profile of transverse component through scribe for sample 3.
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So it was revealed that for sample 3, a high tensile residual strain field around scribe root 
was present in which tensile residual strain reached as high as 2000 p e . The tensile field 
was present up to 100 pm ahead of the scribe root and to balance the tensile residual strain 
compressive residual strains were present behind the scribe root.
7.3.1.4 Sample 4
For sample 4, coarse scanning was not carried out as low strains were expected in view of 
the larger root radius. Scanning with a fine pitch was carried out in the x-direction at 
different y-locations. Fig.7.11 shows the strain profiles for these measurements. It was 
discovered that for this scribe, very low values of e were obtained even just below the
scribe root. A maximum value of +300 pe was measured. With this information in hand, 
sample was not aligned to measure and it was expected that this component of the 
strains would be very less.
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Fig. 7.11 - Strain profile of transverse component through scribe for sample 4.
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The only difference in sample 4 was the larger root radius as compared to sample 1 and 2. 
It was found that an increase in root radius significantly decreases the residual strains 
around root.
7.3.2 Stress Analysis
Elastic stress-strain relations can be written as,
= ( l+ v ) ^ - 2 v ) ^ ~ v)g"  + veyy+ ve° ]  {1A)
= (1 + v ) 0 _ 2t/) ~ v K + v s - + * ] <7-2)
= ( l + v ^ - 2 v ) ^ ~ v)Ea +Ve”  +V£w  ^ (73)
In many structural problems, stress analysis can be simplified with possible assumption of 
plane stress or plane strain condition. For all scribes, plate thickness was considerably less 
as compared to the lateral dimensions of the plate. So a plane stress condition could be 
assumed in which all the stresses parallel to the thickness direction could be assumed as 
zero. On the other hand the scribe itself was a long scratch as compared to its other two 
directions i.e. thickness and width of the sample. So a plane strain condition could be 
assumed in which all of the strains parallel to the scribe length could be considered as zero. 
Each condition was considered one by one and the viability of each condition was 
assessed.
7.3.2.1 Plane Strain Condition
If a plane strain condition around the scribe is assumed then the strain component in the z- 
direction can be assumed to be zero. i.e.
e  = 0zz
So elastic stress-strain relation for stress component in z-direction can be written as,
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C J— , w x . , -  ■ xjc ■ '  ~  vy(l + vX l-2v)
=  ( \  + v l - 2 V) [{X- V)e” +Ve” ] ( 7 ' 5 )
a “ = 0 7 ^ ) [ve“ + v e - ] ( 7 ' 6 )
So equations (7.4), (7.5) and (7.6) were used to obtain the stress components of stress 
around scribe marks.
Sample 1
Fig.7.12. shows all three stress components obtained from plane strain condition for 
sample 1. It can be seen that Gyy was the highest all of the stress components in which the
peak tensile residual stress was below the scribe root. The peak value was +180MPa and it 
decreased as the distance from the scribe root increased in +x- direction. Behind the scribe 
root most of the region was under compressive residual stress. Gxx and Gzz were similar to 
each other but about half of the value of o yy. Peak tensile residual stress for these
components was +100MPa below the scribe root. Here as well, behind the scribe root most 
of the region was under compressive residual stress.
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Fig. 7.12 - Stress profile for sample 1 (a) Transverse component (b) Longitudinal
component (c) Normal component
Sample 2
Fig.7.13 shows all three stress components obtained using the plane strain condition for 
sample 2. It can be seen that c  was the highest in all o f the stress components. The peak 
tensile residual stress was again just below the scribe root. The peak value was +100MPa.
The region behind the scribe root was under low compressive residual stress. c xx and
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were similar but less than a  . In fact these two components were almost half of a  . The
peak tensile residual stress was +60MPa just below the scribe root for these components. 
The peak stress started to decrease with distance from the scribe root. This showed that 
tool B produced a stress field in sample 2 with every component of the stress half than that 
tool A produced in sample 1. Not only the stress components but the extent of the stress 
field ahead of scribe root in x-direction was about half as compared to sample 1.
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Fig. 7.13 - Stress profile for sample 2 (a) Transverse component (b) Longitudinal 
component (c) Normal component 
Sample 3
This sample was almost the same as sample 1 but it was produced in A1 2024-T351 and the 
scribe depth was slightly less. Information in a very small area in +x-direction was 
obtained, additionally only transverse component of the strain was calculated hence stress 
analysis was not possible here. It was clear that a very similar transverse strain component 
was found here as was obtained for sample 1 so it can be said that this scribe would show a 
similar stress field as sample 1 but it requires further measurement of longitudinal 
component of the strain.
Sample 4
As in sample 3, due to limitation of beamtime, only transverse component was measured 
hence stress analysis was not possible here. The most important result is that the transverse 
strain component was very low as compared to the 5 pm root radius and on measurement 
longitudinal component would show very low strain. This would result in very nominal 
stress profiles.
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7.3.2.2 Plane Stress
Another possible assumption which can be made here is plane stress condition. As 
measurements were carried out very near to the surface and on top of that thickness of 
plate was small as compared to the lateral dimensions of the plate, so all the stresses 
parallel to the thickness direction can be assumed as zero. i.e.
So eq. (7.1) can be written as,
0 = ( l+ v x 1 -2 v )Rl~ v)e^ ^ +M gJ
or,
(7-7)
With the measured 8 ^  and e  for every scribe, eq. (7.7) can be used to extract . Then 
based on eq. (7.2) and (7.3) and c zz can be obtained.
Sample 1
Fig.7.14 shows G^ and G^ obtained using the plane stress condition for sample 1. For
G , plane stress condition showed lower peak stress values as compared to the plane
strain assumption. The distribution and extent of the stress field was very similar as
obtained from plane strain condition but the peak values of the stress were less. Peak
tensile residual stress for this component reached a maximum value of +80MPa below the
scribe root. It decreased with distance from the scribe root and reached +20MPa at 100 pm
in both the +x-direction and y-direction. Behind the scribe root most of the region was
under compressive residual stress. For g k , below scribe root, instead of tensile residual
stress, compressive residual stress was obtained which was unusual. Compressive residual
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stress of -125MPa was found below scribe root. The region of the compressive stresses 
was large and high compressive residual stresses of -65MPa were present in an area of 
200 pm x 200 pm around scribe root.
This analysis showed that plane stress condition produced a very conservative stress field 
for a  and qualitatively opposite for g zz . This could be attributed to ignoring the crack
propagating component of the stress i.e o xv which was assumed zero in plane stress
condition. For most of the engineering problems on thin plates, the assumption of plane 
stress condition works very well but here these scribes had very small and local residual 
stress field which in most of the scribes was up to 200 pm along x-axis. This 200 pm is a 
very small portion of the all over 2mm thickness of the plate and it can be assumed that 
stresses in the x-direction may occur. And indeed from plane strain assumption it was 
discovered that there were significant residual stresses present in the x-direction as shown 
in Fig.7.12 (a) and hence o vv = 0 is not a viable condition to assume.
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Sample 2
Fig.7.15 shows a  and obtained using the plane stress condition for sample 2. Here
again c vv obtained showed a lower peak tensile stress value. The distribution and extent of
the stress field was very similar as obtained from the plane strain condition but 
quantitatively peak values for stress were less. The peak tensile stress for o vv reached to a
maximum value of only +45MPa below the scribe root. For o xT, below the scribe root,
instead of tensile residual stress, compressive residual stress was obtained. A compressive 
residual stress of -70MPa was found below scribe root.
181
-500 -250 0 250
J i i i i I i i i i L
500
200 -  200
150 - 150
c 100 -  100
-50 - -50
T 1---1 "T” ■[
-500 -250
MPa
44
34
24
14
-16
500
MPa
200 
150 
1 0 0  
50 
0
-50
y (um)
(b)
Fig. 7.15 - Stress profile for sample 2 
(a) Transverse component (b) Longitudinal component
-500 -250 0 250
200
150
1 0 0
50
0
-50
For sample 3 and 4 similar conditions were obtained for o  and <5zz so results for these
scribes from plane stress conditions are not reported here. It was concluded that the plane 
stress assumption is not viable for assessment of residual stress field around these scribes
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and hence the plane strain assumption provides best estimate of stresses around scribe 
marks.
7.3.3 Peak W idth Analysis
Different stress profiles obtained from the different tools showed that the tools which were 
used to produce the scribes are different and produce different stress field around scribes. 
With the different behaviour of these tools it was anticipated that there would be a different 
level of work hardening and local plasticity present around scribe roots. This information 
could be obtained from the diffraction peaks obtained.
In peak width analysis peaks obtained from diffraction are fitted with a Gaussian profile, 
and for every peak its characteristic width is calculated. The width of the diffraction peak 
is directly related to the density of dislocations due to work hardening in the process of 
producing the scribes. Regions of heavy deformation reflect considerably broad diffraction 
peaks.
The full width at half maximum (FWHM) is a parameter commonly used to describe the 
width of a curve or function. It can be calculated by the distance between points on the 
curve at which the function reaches half its maximum value. A Gaussian profile can be 
described by the function,
- ( X - X g ) 2
) = 1 e 2o2
Where a  is the standard deviation and x 0 can be any value (the width of the function does 
not depend on translation). The relationship between FWHM and the standard deviation is,
FWHM = 2V21n2c
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So if the standard deviation of the curve is known then the FWHM for every peak can be 
obtained.
FWHM profiles for peaks were calculated for all of the scribes as shown in Fig.7.16. 
FWHM for aluminium alloy 5091 for most of the peaks was around 10 x 10 3 while for 
2024-T351 it was 15 x 103. The difference in FWHM values for these two materials was 
most likely due to the grain size of the materials. Whenever there was work hardening or a 
hard region was encountered, the FWHM increased from this number.
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Fig. 7.16 - FW HM  profiles for (a) Sample 1 (b) Sample 2 (c) Sample 4 
Sample 1
For sample 1, as shown in Fig.7.16 (a), a heavily deformed region was observed around 
scribe root. Very wide peaks were obtained for these regions. FWHM in these regions 
increased significantly and reached a maximum of 30 x 10'3. Regions close to the scribe 
root showed higher values of FWHM as compare to regions far from scribe root. This 
revealed that during scribing material removed was ploughed around the scribe root. This 
plastically deformed region was higher in strength as compared to regions far from the 
scribe root and larger values for FWHM were obtained. Another interesting aspect was the 
non-symmetric FWHM profiles around root and it was observed that highest value of 
FWHM was not below the scribe root. Although there was an increase in FWHM below 
root as well, it increased more under the irregular feature. The area of the highest 
deformation was 50 pm away from the scribe root in x-direction and towards the region
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behind scratch root in y-direction as shown in Fig.7.16 (a). This was the irregular profile 
which was present for sample 1 that has been discussed in earlier sections.
Because FWHM gives just a number in terms of increase in width of peak and does not 
provide any qualitative information so nanoindentation was used to obtain hardness profile 
around scribe to study the increase in hardness of these deformed regions around scribe 
root. Fig.7.17 (a) shows the hardness profile obtained for this scribe from nanoindentation 
and it can be seen that the hardness increased from 1.9 GPa to 2.15 GPa below scribe root.
Sample 2
For the scribe produced from tool B (Fig.7.16 (b)), the FWHM around the scribe root 
remained the same but a small increase was obtained behind scribe root in -x-direction in 
which FWHM increased to 15 x 10'3. This revealed that during scribing with tool B 
material which was removed was not deposited around the scribe root but had been cut 
away. To confirm the absence of a hard plastically deformed region, nanoindentation was 
used to obtain the hardness profile around scribe. Fig.7.17 (b) shows the hardness 
distribution for sample 2 and it can be seen that no such increase in hardness was there 
around scribe root and the entire region had almost same hardness of 1.9 GPa.
Sample 3
Diffraction data for this sample was obtained in a very small region hence like stress 
analysis, FWHM for this sample was not calculated. Nanoindentation was used to obtain 
the hardness profile around the scribe. Fig.7.17 (c) shows the hardness profile obtained for 
this scribe from nanoindentation and it can be seen that hardness below the scribe root 
increased significantly from 1.9GPa to 2.3GPa. Scribe root was surrounded by this hard 
plastically deformed region which was spread 100 pm ahead and sideways of scribe root 
as was obtained for sample 1.
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Sample 4
Fig.7.16 (c) shows the FWHM distribution for sample 4 and it can be seen that no such 
increase in FWHM was obtained near the scribe root. To confirm absence of hard 
plastically region, nanoindentation was used. Fig.7.17 (d) shows hardness profile obtained 
for this scribe from nanoindentation and it can be seen that a very small hard patch was 
present above the scribe root which could be due to the very small work hardening, the 
presence of a hard particle above the root of scribe, but nothing was conclusively clear.
-400 -200 0 200 400
I- 150
1 0 0 1 100
X
GPa
2.2
1.8
y (um)
(a)
187
(Uin) 
X 
(u
in
jx
-100
y (um)
(b)
-400 -200 0 200 400
300 - - 300
200  - -  200
100 - -  100
200-400 -200 400
y(um)
G Pa
2.3
2.1
1.9
(c)
300
200
100
0
-400 -200 0 200
300 
200 
100 
0  
-100
-400 -200 0 200
188
400 GPa
300 
200 
1 0 0
400
300
?
3  200 
x
1 0 0
0
y (um) 
(d)
Fig. 7.17 - H ardness profiles for (a) Sample 1 (b) Sample 2 (c) Sample 3 (d) Sample 4 
7.4. Discussion
7.4.1. Relation between Components of S train  & Stress
Strain and stress field around scribe marks of different depth and root radius produced 
from different tools in aluminium alloy 5091 and 2024-T351 have been presented and 
discussed. In total the strain fields for four scribe marks were measured at ID31 of ESRF, 
France. Two components of the strain i.e. £ xx and £ yv were measured. It was learnt that for
all scribes, the strain component in the crack opening direction e  was high as compared
to the strain component in the crack propagation direction e xx.
For sample 1, peak tensile stress of +200MPa was obtained for o  and +100MPa for the
other two components crxxand Gu . The extent of the tensile stress field was up to 
100 pm both in the +x-direction and either side of y-direction. For sample 2, another scribe 
with a similar geometry and material but produced from a different tool, peak tensile stress 
of +100MPa was obtained for o vv and +50MPa for g xk. It was clear that this tool created
a residual stress field in which the stress components were almost half as compared to tool
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A for sample 1. Not only the stress components were lower but the extent of the tensile 
stress field was half as compared to sample 1 and the stress field was confined in a region 
up to 50 pm in the +x-direction.
In sample 3, when the material was changed to aluminium alloy 2024-T351 from 5091 and 
the same tool A was used to produce scribe of slightly less depth than sample 1, it was 
revealed that changing material did not create any significant difference in strain profiles. 
Only one component of the strain was measured and hence stress field was not calculated 
but measured component showed almost same peak value of strain as showed in sample 1. 
The extent of the tensile strain was confined in a similar region of 100 pm ahead of the 
scribe root in the +x-direction and 200pm on either side of the scribe root in the y- 
direction as in sample 1.
In sample 4, when the root radius of the scribe was changed to 50 pm from 5 pm in 
aluminium alloy 5091 it was observed that the strain field diminished significantly and 
only a nominal amount of strains were found ahead the scribe root.
These sets of results for first two scribes revealed that for all of the scribes, the crack 
opening component of the stress i.e. a yy is always greater than the other two components
of the stress. Additionally, was always found twice as large as and for all of 
the scribes.
a yy =  =  2<Tyy
7.4.2. Effect of Tool
When scribes of similar depth and root radius were produced from tool A and B, some 
differences were found for these scribes which are given below;
1- Tool A scribes were 10% greater in depth and width as compared to tool B scribes.
2- Scribe profile produced from tool A had irregular feature and this feature produced 
higher tensile stresses and hardening around the scribe root.
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3- As discussed in chapter 4, attack angle of Tool A was 40° while for tool B it was 
30° which created a wide profile for tool A scribes as compare to tool B.
This information reveals that these two tools are very different in terms of their ability to 
produce scribes, and consequently they generate different residual stress fields. To acquire 
a particular depth, tool A requires more force and speed and produced more severe tensile 
stress field as compared to tool B. Peters et al. [8-9] studied the pile-up around damage in 
titanium alloy produced by impact at different velocities and found that impact above 
250m/s velocity produced pile-up and microcracking around damage and every velocity 
below than this never produced pile-up. Here tool A attacks differently on material in 
producing scribe and cuts the material which deposits around scribe root. This mechanism 
of removing material is termed as ‘ploughing’ in which not all of the material which was 
‘cut’ was removed but most of the material was displaced around the edges of the scribe 
profile. FWHM analysis and nanoindentation hardness profiles for all scribes showed that 
there was significant work hardening around tool A. High tensile stresses are generated 
when scribes are produced from with this tool with peak tensile stress of +200MPa and the 
extent of the stress field goes up to 100(im in the +x-direction.
On the other hand, tool B cuts the material with a lower attack angle and the mechanism of 
removing material was different. To acquire a particular depth, it does not require as much 
of force as tool A. No ploughing was found for this tool and there was no evidence of 
displacement of the material, as confirmed from FWHM and nanoindentation hardness 
profiles. All of the material which was removed had been cut away and the mechanism of 
removing material was ‘cutting’. Tensile stresses were found under scribe root for tool B 
scribes as well. However, strength and extent of the tensile stress components were half as 
compare to tool A stress field. Table 7.2 shows every component of the stress obtained for
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first two scribes and it can be seen that effect of tool A for sample 1 is twice as compare to 
tool B for sample 2 i.e.
C a = 2 o b
Sample #
Depth
d
( p m )
Root radius 
P 
( pm)
d/p Gyy
(MPa)
Gxx
(MPa) (MPa)
1 125 5 25 +180 +100 +100
2 125 5 25 +100 +60 +60
Table 7.2 - Stress components obtained for all samples
7.4.3 Effect of M aterial
With very similar strain profiles obtained for sample 1 and 3 it was concluded that the 
behaviour of the tool for both of the materials was same. Although there was difference in 
the yield strength of these two aluminium alloys as shown in chapter 3, but the effect of the 
same tool on different alloys was the same. This evidence reflects that residual stress 
around these scribe marks are highly influenced by the tool and not affected by the 
material on which scribes were made.
7.4.4 Effect of Root Radius
Stress and strain profiles obtained for 5 pm and 50 pm root radius showed that there is 
significant difference in stress profiles for these two root radius scribes. Scribes in similar 
material and of same depth but different root radius showed that with increase in root 
radius, residual stress around scribe root decreased significantly. It was observed that
192
although relation between the stress components remained same i.e o  = 2 =  2 a^  but
the peak strains decrease significantly and it can be concluded that;
1 
a  a  —
P
7.5 Conclusions
This chapter discusses strain and stress field associated with scribes of different geometries 
produced by different tools in different aluminium alloys. Strain fields were determined by 
synchrotron X-rays. It has been shown that the residual stress field around these marks is 
dependent upon the tool by which they were produced. Behaviour of the tool has been 
found to be the same on different aluminium alloys. It was concluded that tool A produces 
severe tensile stress field and work hardening around the root of the scribe as compared to 
tool B, and the magnitude and extent of the tool A residual stress field is twice that of tool 
B. With an increase in root radius of the scribe, this residual stress field vanishes and no 
effect of work hardening was obtained as well for larger root radius scribes.
All of the scribes which were tested were not loaded in fatigue. Knowledge of the initial 
residual stress distribution induced by scribing is not sufficient to evaluate the driving 
force for a crack to form and propagate. Although tool A initially exhibits high tensile 
stresses around the scribe root as compared to tool B, however that doesn’t necessarily 
mean that tool A scribe would initiate and propagate earlier in fatigue loading as compare 
to tool B scribe. The initiation and propagation of crack from scribe marks depends upon 
the redistribution of these tensile stresses under fatigue loading[ll]. The magnitude and 
rate of relaxation of residual stresses in fatigue strongly depends on the applied loading. 
Boyce et al. [12], focussing on relaxation of these residual stresses, concluded that the 
initial residual stress state around FOD can decay significantly in fatigue depending upon 
the applied stress. For Ti-6A1-4V, they obtained very little relaxation for 0.35 o y but for 
higher applied stress of 0.54 g y this relaxation reached to 50%. They observed that decay
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of the residual stress state was only during the first cycle and subsequent cycle showed 
very little further relaxation. Hence for this reason it is recommended to determine residual 
stresses after first cycle of loading as most of the relaxation of residual stresses occurs in 
this stage.
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Chapter 8: Determination of Residual Stress around 
Scribe Marks from Nanoindentation
8.1 Introduction
It has been shown in chapter 7 that the determination of residual stress around scribe marks 
using diffraction methods is challenging due to the fact that the grain size of Al 2024-T351 
is large (20-100pm ) compared to the scale of the stress field, which prevents the use of 
the small gauge volume required for the measurement of a small and local residual stress 
field around scribes. Although a finite element based study has been carried out in chapter 
6 showing that the response to equibiaxial stresses can be extracted based on the variation 
of maximum load of indentation or ratio of work of indentation, such variations in 
indentation response are also sensitive to any local plastic deformation.
Residual stresses around scribe marks are generated during scratching of the material. 
These stresses are only developed when the material is deformed plastically. It was 
discussed in chapter 4 that both ‘cutting’ and ‘ploughing’ deformations are possible and 
every tool introduces a different level of elastic residual stress. Whenever a technique like 
nanoindentation is applied around scribe marks, it measures the response of the elastic 
residual stress field and plastic deformation of the material. This means that the hardness 
information around scribe roots obtained in chapter 4 contains not only the effect of 
plastically deformed hard material but also of residual stresses.
This problem of the convoluted response of a hard plastically deformed material and 
tensile residual stresses requires separation for accurate calculation of residual stresses 
from nanoindentation response, and for this a comprehensive analytical model is required. 
In this study it has been assumed that any increase in hardness of the material around 
scribe root is only due to the plastic deformation. Based on this assumption, it can be said
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that if the increase in hardness can be separated from the nanoindentation response around 
scribe, the rest of the response can be treated as response of elastic residual stresses. 
Another approach to extract residual stresses could be the development of a finite element 
model of the production of these scribes. This could give the expected residual stress field 
generated due to the scribe formation and then nanoindentation response could be 
measured to verify the modelled residual stresses. As presented in chapter 4, even scribes 
of the same depth and root radius created by different tools (A and B) can be of different 
profiles, so the development of finite element modelling of ‘cutting’ and ‘ploughed’ 
scribes would require inclusion of tool profiles and geometry which will be 
computationally impractical. Hence in this study the methodology used in chapter 6 has 
been used to extract residual stresses with some assumptions which are discussed in detail. 
Indentation load-displacement curves are sensitive to residual stresses. Compared to a 
stress-free region, the path of the loading curve shifts up and consequently shows higher 
slope for compressive stresses, while the loading curve shifts down and shows a lower 
slope for tensile residual stresses. To attain a particular indentation depth the maximum 
load of indentation increases for compressive residual stress and decreases for tensile
residual stress [3-13]. It was shown in chapter 6 that the indentation maximum load Pmax
changes twice as much for an equi-biaxial stress state ( a xc= a yy^ 0 J a s  compared to an
equivalent uniaxial stress state ^  0,0^, = 0 ) whilst a pure shear stress state
= -Gyy *  o) does not produce any change in P^ . For the pure shear stress state, the
increase in indentation maximum load P^  for compressive stress in one axis negates the
load decrease for tensile stress on the orthogonal axis [9]. This means that whenever a 
stressed region is indented, both components of in-plane stress play a part. The variation in 
load-displacement curves is sensitive to the individual components but the overall response 
is not unique and gives a response dependent upon the overall resultant residual stress 
state.
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In chapter 7, measurements from synchrotron X-ray diffraction were carried out exactly at 
the centre of the scratch, where a plane strain condition was assumed. It was found that the 
stress field around the scribe marks in that region was not equi-biaxial and in fact the crack 
opening component of the stress was twice the crack propagating and parallel to
scribe o a components of the stress.
For nanoindentation, the measurements were carried around the cross-section of the scribe 
as shown in Fig.8.1, for which a plane strain condition cannot be assumed. Due to the very 
small indentation depth used in this study, i.e. 600nm, only the effect of and can
be sampled by indentation. There are some techniques from which individual stress 
components can be extracted if the ratio of stress components (o^  / g ^ )  is known [7-9].
In this study, an equi-biaxial stress state was assumed around the scribe marks for 
extraction of residual stresses from nanoindentation. It was found that stresses obtained 
from nanoindentation method using this assumption are similar in magnitude to the 
component with highest component of the stress as measured by synchrotron X-rays 
diffraction.
This chapter discusses the application of nanoindentation for determination of residual 
stresses around scribe marks. Initially, all four scribes for which residual stress fields have 
been obtained from synchrotron X-rays were indented and a comparison of residual 
stresses from synchrotron X-rays and nanoindentation has been presented. Later in the 
chapter, residual stress fields around scribe marks of different geometries produced from 
different tools are presented. Scribes of 5 pm , 25 pm and 50 pm root radii were 
nanoindentation tested before and after fatigue and the residual stress fields were 
measured. Before fatigue 15 scribes were tested, called ‘virgin scribes’ while 10 scribes 
were tested after fatigue. Two modes of fatigue loading were used; four point bending 
(FPB) and tension-tension. All together this chapter reports residual stress fields extracted 
from nanoindentation load-displacement curves for 29 scribes. Assumptions were made for
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extraction of residual stresses for the scribes generated with significant work hardening. It 
was found that with these assumptions extracted residual stresses are similar in magnitude 
of the highest component of the stress as obtained from synchrotron X-rays results.
8.2 Materials, Samples and Experimental Details
8.2.1 Materials and Sample Details
Aluminium alloys 2024-T351 and 5091 were used, for which material properties have 
already been presented. Four samples were the same as used in the synchrotron X-ray 
diffraction experiments. Details of these samples have already been given in chapter 7. 
Further new scribes were tested for which synchrotron data was not available. These 
scribes of different root radii were produced in the same aluminium alloys Al 2024-T351 
and 5091 with different tools. Details of these scribes are given later in this chapter in 
section 8.5.
8.2.2 Experimental Details
Nanoindentation was carried out to 600nm depth with the same experimental procedure as 
presented in earlier chapters. Indentations were made in an array around the scratch cross- 
section with 10 Jim spacing between the indentations. Load-displacement data was 
obtained for every indentation. Mapping of indentations was the same as discussed in 
chapter 4 and shown in Fig.4.3. Here Fig.8.1 shows the arrangement of indentations in 
greater detail. Indentation in a stress free region was carried out far from the scribe root 
and 10 indentations were carried out in this region to reduce any scatter in stress free load- 
displacement curve.
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Fig. 8.1 -  Schematic of indentation with marks showing indentation
8.3 Load-displacement Curve Analysis
8.3.1 Sample 1 (125 pm deep scribe from tool A)
Fig.8.2 shows nanoindentation load-displacement curves obtained for sample 1 at y=0, 
+15 pm and -15 p m . From synchrotron X-ray diffraction it was known that there were high 
tensile stresses of around 180MPa present around the scribe root. Based on this, in 
principle the loading curves for the near scribe root region should have shifted downwards, 
but it can be seen that at all values of y, not all of the loading curves were below the stress 
free loading curve and a mixed trend of loading curves above and below the stress free 
curve was observed. This was due to the hard plastically deformed region around the scribe 
root for tool A [14] as discussed in chapters 4 and 7. This harder region prevented the 
loading curves from moving down significantly and a convoluted response of increased 
hardness (loading curve moves up) and high tensile stresses (loading curve moves down) 
was obtained. Although, as discussed in chapter 6, the maximum load of indentation is 
directly related to the residual stresses, the presence of a hard deformed plastic region 
prevented this effect in the case of the tool A scribes. At some locations, the loading curve 
moved down which was a clear indication of tensile residual stresses but for most of the 
regions load-displacement curves showed a hardening response which was greater than the
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response of the tensile residual stresses. This effect revealed that the dependence of Pmax 
on the residual stresses may give misleading information in the presence of hard plastically 
deformed regions. Hence, another parameter such as C or W  /W t as discussed in chapter 6,
should be used for extraction of residual stresses from the load-displacement curves around 
scribes, although these parameters are also affected by the increase in hardness. The 
detailed method for separation of this hardness increase from residual stresses will be 
discussed later in this chapter.
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Fig. 8.2 - Nanoindentation load-displacement curve for sample 1 at (a) y=0 (b)
y=+15 pm and (c) y=-15 pm
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8.3.2 Sample 2 (125 pm deep scribe from tool B)
Fig.8.3 shows nanoindentation load-displacement curves obtained for sample 2 at y=0, 
+15 pm and -15 p m . It can be seen that for the near scribe root some of the loading curves 
obtained for y-locations were below the stress free loading curve. This was a clear 
indication that there were tensile residual stresses present below the scribe root in the +x- 
direction but the response was not that significant. This low difference from the stress free 
loading curve was due to the less severe tensile residual stresses for this scribe. From 
synchrotron X-ray diffraction it was already known that lOOMPa of tensile residual 
stresses were present for this scribe which was almost half of the peak tensile residual 
stresses obtained for sample 1.
From the FWHM analysis for this scribe no high work hardening was seen around the 
scribe and all of the material which was removed during scribing was cut away. In the 
absence of any work hardening around the scribe root it was evident that all of the response 
from the variation in loading curve was due to residual stresses. It can be seen that the 
response of tensile stresses were not as much directly below the scribe root i.e. y=0 as 
compared to y=+15 pm and -15 p m . This could be attributed to low work hardening levels 
below the scribe root in a very local region where the magnitude and extent is not as high 
in the case of sample 1. At y=+15 pm and -15 pm the response of residual stress was easily 
visible with the loading curves for the near root regions moved down significantly. 
Altogether, the load-displacement curves successfully detected the presence of tensile 
residual stresses around the scribe root for this sample as compared to tool A in which 
some regions could not show tensile residual stresses in the highly deformed plastic 
regions.
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Fig. 8.3 - Nanoindentation load-displacement curve for sample 2 at (a) y=0 (b)
y=+15 pm and (c) y=-15 pm
8.3.3 Sample 3 (100 pm deep scribe from tool A)
Fig.8.4 shows load-displacement curves obtained for sample 3 at y=0, +15 pm and -15 p m . 
It can be seen that at all locations, the loading curves were above or equivalent to the stress 
free loading curve. This scribe was created in Al 2024-T351 using tool A, which creates 
severe work hardening around the scribe root, and the indentation load-displacement curve 
showed again a cumulative effective response of hardening and tensile residual stresses. 
The hardening was so severe here that the load-displacement curve did not show any 
response of tensile residual stresses and all of the loading curves moved up and showed a 
response typical of a hard deformed material.
The response of the load-displacement curve is therefore misleading here as from the 
synchrotron X-ray diffraction results, high tensile strains of 2000 pe were present around 
the scribe root. From the hardness map for this scribe, it was evident that the hard
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deformed plastic region overcome the response of tensile residual stresses and to extract 
residual stresses from this load-displacement curves as discussed in section 8.3.2 another 
parameter such as Wp jW t should be used.
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Fig. 8.4 - Nanoindentation load-displacement curve for sample 3 at (a) y=0 (b)
y=+15 pm and (c) y=-15 pm
8.3.4 Sample 4 (125 pm deep scribe from tool D)
Fig.8.5 shows nanoindentation load-displacement curves obtained for sample 4 at y=0, 
+15 pm and -15 pm. It can be seen from the loading curves at y=0 that there are tensile 
stresses present below the scribe root. However, this response was not apparent for 
indentations at y=+15pm and -15 pm. From FWHM and hardness maps from 
nanoindentation, no evidence of work hardening was obtained for this scribe. This 
indicated that there are tensile stresses present just below the root, and these stresses are 
very local, having decayed at y=+15 pm and -15 p m .
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Fig. 8.5 - Nanoindentation load-displacement curve for sample 4 at (a) y=0 (b)
y=+15 pm and (c) y=-15 pm
8.4 Determination of Residual Stresses from Load-displacement Curve
8.4.1 The Method
There are some methods which can be used to extract residual stresses from load- 
displacement curves [6-10] however, these methods were developed with finite element 
studies for ideal materials and to date no such study has been carried out on real 
engineering alloys like aluminium. Engineering alloys may show pile-up even at small 
loads of indentation [1-3] and the behaviour of the pile-up changes with the type and 
magnitude of the residual stress state. Another problem with engineering alloys like Al 
2024-T351 is texture, in which grains of different orientation exhibit anisotropy in 
mechanical properties. In addition during scribing, hard plastically deformed material 
deposits around scribe root for ‘ploughing’ kind of scribes for which maximum load of 
indentation does not show linearity with the residual stresses as was observed in 
chapter 6.
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Most importantly there is a hard plastically deformed region present around scribe root 
(especially tool A scribes). Whenever indents are made in this region the loading curve 
moves up and the maximum load of indentation increases. The unloading curve moves 
towards the loading curve and the plastic work decreases which results in a decrease in 
Wp /W t . This decrease in Wp /W t is a convoluted response of the elastic residual stresses
and plastic deformation of the material. Because the actual increase in hardness due to 
plastic deformation is unknown, and will vary with position around the scribe, (some 
increase in hardness has been balanced by tensile residual stresses around scribe root), 
hence one can never know that what proportion of the shift in Wp jW t is due to hardness.
As discussed in chapter 4, this plastically deformed region diminishes with distance from 
the scribe root. This indicates that there will not be a constant change in hardness (or 
Wp /W t ) around the scribe root and it will vary with position.
In chapter 6 it was discussed that the true area of contact Ac* can be related to W  /W t as 
given below;
A ' W
= a — -  + b (8.1)
a w ,
And once A c ■ is known then residual stress can be obtained from the relation,
—  = a —  + b (8.2)
o y Ac
So for scribes with work hardening around root, eq. (8.1) can be written as;
A , W
-  a (~^~ + hardening) + b (8.3)
Here in this study a correction factor 0 is introduced which will account for the effect of
hardening. So eq. (8.3) can be written in simplified form as;
Where </> = a x  hardening is a correction factor which tries to separate work hardening 
from the response of residual stresses on area contact ratio. It is a number which depends 
upon the work hardening induced by the tool which produced the scribes. In this study (j) is 
higher for tool A scribes as it generates more work hardening and it is very low for tool B 
which does not generate any work hardening around the scribes.
Choosing a value of (J) is a very challenging problem. The actual increase in hardness at 
any point around the scribe root cannot be separated from the effect of tensile residual 
stresses. Additionally the increase in hardness varies with position around the scribe root 
and hence a single value for the correction factor can not be defined.
To observe the effectiveness of the model developed in chapter 6 it has been assumed here 
that the increase in hardness is only due to plastic deformation, and that the hardening is 
uniform in a 50 pm region around the scribe root. For tool A the peak increase in hardness
was 30% over the bulk hardness values. This increase in hardness decreased Wp /W t by
-0.02. For tensile residual stress, the slope a was obtained as -20.4 so correction factor 
can be obtained as,
(j) = a x hardening 
<|> = -20 .4x0 .02
(f) = -0 .40 (8.5)
So for tool A, which generates work hardening the correction factor for peak hardness was
-0.40 and for tool B and other tools which does not generate significant work hardening
around scribe roots this factor was considered to be zero.
From table 6.1 which gives values of a and b , eq. 8.4 can be written as,
For tensile residual stresses;
A ' W
- ^ = -2 0 .4 —— +19.64+0 (8.6)
A  w,
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For tool A and B, the correction factor (f) was taken as -0.4 and 0 respectively and eq. (8.6) 
becomes;
A  ' W
—^ = -2 0 .4 —— +19.24 (For Tool A) (8.7)
Ac W,
A ' W
—^ -=-20.4—— +19.64 (For Tool B) (8.8)Ac Wt
For compressive residual stresses no correction factor was used and 8.4 remained the same; 
A ' W
=-13.62—-  +13.76 (For Tool A and B) (8.9)Ac W,
And then residual stress can be extracted based on the true contact area from the equations 
below, which have already been discussed in chapter 6.
For tensile residual stresses;
-^-= -1 .17  x 109 ( — -1.28) (8.10)
Ac Gy
For compressive residual stresses;
-^ -= -2 .2  xlO9 ( - - 1 . 3 )  (8.11)
A c Gy
Based on the fact that some measurements were carried out on aluminium alloy 5091, a 
similar exercise was carried out for aluminium alloy 5091 and new values of constants a
A  ' W
and b were obtained. For relation between—^  and —- ,  these values of a and b are given 
below.
a = -27.36, Z?=26.4 (For tensile residual stresses)
And
a = -12.09, b - 12.54 (For compressive residual stresses)
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The increase in hardness decreased Wp/W t by -0.02 for A1 5091. For tensile residual 
stress, the slope a was obtained as -27.36 and correction factor <j) obtained was -0.5.
The equations so obtained are given below;
For tensile residual stresses;
A ' W t
- 1- =-27.36—- 
A. W.
“  +26.4+0 (8.12)
A  ' W
-^ = -2 7 .3 6 —— +25.9 (For Tool A) (8.13)
A  Wt
A  ' W
=-27.36 -2 -  +26.4 (For Tool B) (8.14)
Ac Wt
For compressive residual stresses;
A ' W
-^ = -1 2 .0 9 —— +12.54 (For Tool A and B) (8.15)
Ac Wt
A  ' o
For relation between—^  and —- ,  these values of a and b are given below.
A  Oy
a -  -0.57, b - 1.41 (For tensile residual stresses)
And
a = -0.21, £=1.41 (For compressive residual stresses)
And then residual stress can be extracted based on true contact area from the equations 
below;
For tensile residual stresses;
-^-= -0 .82  x 109 ( — -1.41) (8.14)
Ac <j y
For tensile residual stresses;
- ^ = - 2 .2 3 x  109 ( — -1.41) (8.15)
A„ o v
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Equations (8.7) to (8.11) were used to extract residual stress for scribes in A1 2024-T351 
and (8.12) to (8.15) were used for aluminium alloy 5091.
8.4.2 Assumptions and Limitations
A number of assumptions were made for the extraction of residual stresses from the load- 
displacement curves:
1- The set of equations discussed above is based on the response to equibiaxial residual 
stresses; however, it is already known that the tensile residual stress field obtained around 
scribe root is not equibiaxial as shown in chapter 7.
2- The equations were derived from finite element modelling results in which tip bluntness 
effect were not considered.
3- A1 2024-T351 is an anisotropic material which has weak texture. It was assumed that 
the response of the load-displacement curve is only affected by residual stresses and no 
effect of grain orientation was considered.
4- It has been assumed that the change in hardness obtained for the deformed material 
around the scribe root is entirely due to the plastic deformation.
5- It has been assumed that there is no variation in hardness beyond 50 pm around scribe 
root.
As discussed in section 8.1, formation of a scribe results in a complex interaction of elastic 
residual stress field and plastic deformation of the material which does not allow 
nanoindentation to extract the true change in hardness around scribe root. Hence the 
method used to deal with increase in hardness with the help of ratio of work of indentation 
in section 8.4.1 will provide qualitative data at best but quantitatively it can not provide the 
uncertainty in stress values due to the assumption about the hardness increase around the 
scribe root.
The sensitivity of the nanoindentation load-displacement curves and the extraction of the
residual stress based on these curves are dependent upon the response of the material. As
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discussed in chapter 3, A1 2024-T351 is a textured material and has anisotropy from grain 
to grain. There is some difference in terms of the hardness of grains and some grains due to 
this higher hardness required more load to penetrate up to the same depth of 600nm. 
Whenever a region of low residual stress (<50MPa) is indented in A1 2024-T351, different 
load-displacement curves are obtained due to the different response of different grains as 
shown in Fig.8.6 (a). When indents are made in a region with high residual stresses 
(>50MPa), the load-displacement curves show a definite response of the residual stresses 
(Fig.8.6 (b)) and the scatter between indentations decreases markedly.
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Fig. 8.6 - Nanoindentation load-displacement curve (a) For the region of +30MPa 
residual stress (b) For the region of +100MPa residual stress.
So if the model is applied on a region of no or low residual stresses (<50MPa), the 
extracted values of residual stresses can be expressed to give high scatter in the data 
(Fig.8.7 (a)). However, when the same model is applied on the load-displacement curves 
for the region of the higher stresses, less scattered data is obtained for the residual stresses 
(Fig.8.7 (b)).
So high scatter in the residual stress values extracted from the model can be attributed 
partly to zero or low residual stress. Unfortunately, the peak residual stresses around scribe 
marks are of the order of +100-200MPa in a very small region near the root of the scribe 
and start to decrease away from the scribe root very quickly. Hence it is expected that the 
near scribe root regions are ideal for extraction of residual stresses from the model and far 
from the scribe root, more scatter in the data will be obtained as a consequence of this 
effect.
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Based on these assumptions and limitations, scribe marks in aluminium alloys 2024-T351 
and 5091 were indented from nanoindentation at different y-locations in +x-direction up to 
150 pm and eq. 8.7 to 8.15 were used to extract residual stresses from load-displacement 
data.
8.4.3 Application on Scribes
8.4.3.1 Sample 1 to 4 (used in Synchrotron measurements)
Initially four samples for which the data from synchrotron X-rays was known were 
nanoindentation tested. The synchrotron X-ray diffraction results were an average over the 
gauge volume and the nanoindentation extraction was for very localized regions, so to 
compare the results of synchrotron X-ray diffraction, the average value of residual stress 
up to +50 pm was calculated. Table 8.1 shows a comparison of residual stresses obtained 
from synchrotron X-ray diffraction and nanoindentation for sample 1 and 2 for which 
stress analysis was carried out in chapter 7. For sample 1 produced with tool A, stresses 
were calculated with and without the correction factor. It can be seen that with correction 
factor, nanoindentation extracted residual stress values were in close agreement with the 
synchrotron results while without correction compressive residual stresses were found. For 
sample 2 produced with tool B, no correction was necessary, and residual stresses were 
found in fair agreement with the synchrotron X-ray diffraction results.
Sample
# Tool
Depth
d
(pm)
Residual Stress 
(MPa)
Synchrotron
X-rays
( ° J
Nanoindentation
Without
Correction
With
Correction
1 A 125 +180 -247 +163
2 B 125 +100 +77 Not applied
Table 8.1 - Comparison of residual stress results from Synchrotron X-rays diffraction
and Nanoindentation.
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For sample 3 and 4 only one component of the strain was measured from synchrotron X- 
rays diffraction hence comparison was not possible. From nanoindentation method average 
tensile stress of +210MPa and +180MPa was found sample 3 and 4 respectively.
8.5 Extraction of Residual Stresses on Additional Scribes
Since the magnitude of the biaxial residual stresses calculated from nanoindentation are 
similar to the obtained from synchrotron X-rays diffraction, further scribe marks of
different depths and root radius were produced in A1 2024-T351. Because for these scribes 
synchrotron data was not available for validation, to ensure reproducibility of results for 
every scribe indentation was carried out for three samples and extraction of residual stress 
was applied every time. Furthermore, scribes of same depth and root radius were produced 
in aluminium alloy 5091 to ensure confidence on accuracy of the results.
In total 10 scribes of different depths with 5 pm root radius were produced from tool A and 
B in aluminium alloy 2024-T351 and 5091. Details of these samples are given in Table 
8.2. Similarly five scribes of different depths with 25 pm and 50 pm root radii were 
produced and details of these samples are given in Table 8.3. A further 10 scribes were 
extracted from fatigued samples which will be discussed later in this chapter. Indentations 
were made at y  = 0 for every scribe with a similar procedure as discussed earlier.
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Sample # Material Tool
Depth
d
(pm)
Root radius 
P
(pm)
d /p
5 A1 2024-T351 A 50 5 10
6 A1 2024-T351 A 75 5 15
7 A1 2024-T351 A 100 5 20
8 AA 5091 A 50 5 10
9 AA 5091 A 100 5 20
10 A12024-T351 B 50 5 10
11 A1 2024-T351 B 100 5 20
12 A12024-T351 B 150 5 30
13 AA 5091 B 50 5 10
14 AA 5091 B 100 5 20
Table 8.2 - Scribe marks of 5 uni root radius used in measurements.
Sample # Material Tool
Depth
d
(pm)
Root radius 
P 
(pm)
d /p
15 A12024-T351 C 100 25 4
16 A12024-T351 C 110 25 4.4
17 A1 2024-T351 D 15 50 0.3
18 A12024-T351 D 50 50 1
19 A1 2024-T351 D 100 50 0.5
Table 8.3 - Scribe marks of 25 pm & 50 pm root radius used in measurements.
8.5.1 Scribes from Tool A and B (5 pm Root Radius)
Nanoindentation method was applied to scribe marks of 5 pm produced from tool A and B 
and results are shown in Table 8.4. These results showed that there were tensile residual
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stresses around all scribe marks generated from tool A. The peak tensile residual stresses 
were in the range of +154 to +210MPa for tool A which compares to +200MPa from 
synchrotron X-rays diffraction. For tool B, residual stresses the peak stresses were less 
than tool A scribes. Peak tensile stresses fell in the range of +67 to +120MPa which 
compares to +100MPa from synchrotron X-rays diffraction. Despite of the assumptions 
made for the model, the results from the nanoindentation method found similar with 
synchrotron X-rays.
Sample # Tool
Depth
d
(pm)
Residual
Stress
(MPa)
Average
Stress
(MPa)
5 A 50 +154
6 A 75 +160
7 A 100 +210 +172
8 A 50 +155
9 A 100 +205
10 B 50 +120
11 B 100 +71
12 B 150 +67 +81
13 B 50 +75
14 B 100 +73
Table 8.4 - Residual stress in A12024-T351 from nanoindentation for 5 pm root
radius scribes from different tools.
Fig.8.8 shows residual stresses obtained for scribes produced from tools A and B and it can
be seen there was a significant difference in the magnitude of residual stresses from both
tools. Tool A showed higher residual stresses, and in agreement from synchrotron results
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discussed in chapter 7, the peak tensile stress for tool A were almost twice as compared to 
tool B scribes. This difference in peak tensile stresses is understandable as tools A and B 
were very different in the production of scribes, ploughing and cutting the material 
respectively. These two different mechanisms of removing the material induce different 
amounts of residual stresses around the scribe root.
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Fig. 8.8 - Residual stress values for scribes of different depths from tool A and B 
8.5.2 Scribes from Tool C and D (25 and 50 pm Root Radius)
Residual stress values obtained for scribes produced from tool C and D are given in Table 
8.5 and Fig.8.9 shows residual stress obtained for tool D for different depths of scribes. 
The average tensile stress was found as ~+l lOMPa for tool C and ~+80MPa for tool D.
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Sample # Tool
Depth
d
(pm)
Root
radius
P
(pm)
Residual
Stress
(MPa)
Average
stress
(MPa)
15 C 100 25 +90
+109
16 C 110 25 +127
17 D 15 50 +72
+7818 D 50 50 +56
19 D 100 50 +106
Table 8.5 - Residual stress results from nanoindentation for 25 pm and 50 pm root
radius scribes.
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Fig. 8.9 - Residual stress values for scribes of 50 pm root radius from tool D
It can be seen that due to the same ‘cutting’ mechanism of tool C & D as tool B, same level 
of residual stress was obtained as for tool B. It can be seen that from Table 8.5 tensile 
stresses of +90 to +127MPa for tool C and +56 to +106MPa for tool D were obtained.
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8.6 Effect of Fatigue on Residual Stress
It has been discussed that residual stress around scribe marks may reach up to +200MPa 
which can help cracks to initiate from scribes and further aid in propagation of these cracks 
under fatigue loading. But knowledge of the initial residual stress distribution induced by 
scribing is not sufficient to evaluate the driving force for a crack under fatigue loading 
[15]. The magnitude and rate of relaxation of the residual stresses after fatigue cycles 
strongly depends upon on the applied loading.
To assess the role of residual stresses on scribes to propagate a crack in fatigue, some 
scribes were tested which had already been loaded in fatigue. Only scribes of 5 pm root 
radius were tested as it was assumed that there would be the same behaviour of relaxation 
of residual stresses with different root radii.
In total 10 samples were tested in different conditions of fatigue with eight in four point 
bending and two in tension without being taken to failure to preserve scribes for 
nanoindentation testing. The fatigue conditions were the same as used in chapter 4 when 
local hardness around fatigued scribe marks was discussed. Table 8.6 shows details of the 
samples used in fatigue and subsequently nanoindentation testing.
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Sample # Tool
Depth
d
(p m )
Fatigue
Mode
Fatigue
cycles
20 A 50 FPB 250,000
21 A 50 FPB 500,000
22 A 50 FPB 1,250,000
23 A 75 FPB 500,000
24 A 100 FPB 250,000
25 A 100 FPB 500,000
26 B 100 FPB 100,000
27 B 100 FPB 200,000
28 A 50 Tension 107,000
29 A 100 Tension 414,000
Table 8.6 - Details of the samples tested in fatigue
8.6.1 Scribes from  Tool A and B (5 pm  Root Radius)
Residual stress values obtained for scribes from tool A and B after fatigue testing is given 
in Table 8.7. These results revealed that for all scribes, in general, there was no relaxation 
of residual stresses after fatigue cycles.
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Sample
#
Depth
d
(pm)
Tool FatigueMode
Fatigue
cycles
Residual Stress 
(MPa)
Before
fatigue
After
fatigue
20 50 A FPB 250000 +154 +163
21 50 A FPB 500000 +154 +178
22 50 A FPB 125000 +154 +153
23 75 A FPB 500000 +160 +134
24 100 A FPB 250000 +210 +194
25 100 A FPB 500000 +210 +188
26 100 B FPB 100000 +71 +82
27 100 B FPB 200000 +71 +93
28 50 A Tension 107000 +154 +175
29 100 A Tension 414000 +210 +186
Table 8.7 -  Residual stresses obtained from nanoindentation after different fatigue
cycles
8.7 Conclusions
This chapter presents application of a technique developed for extraction of residual 
stresses using nanoindentation. In total 29 scribes of different depths and root radius 
produced from different tools were tested and their residual stress field were reported.
It was found that tool A scribes were difficult to measure due to the plastic deformation 
around the scribe root. To separate the response of work hardening from residual stress a 
correction factor was introduced which gave the similar stress values in magnitude as 
found with the highest component of the stress obtained from the synchrotron X-rays 
diffraction. For tool B due to the absence of work hardening no amendment in the 
developed method was required. The residual stress was independent of depth and root 
radius of the scribe and was found to be tensile for every scribe. Depending upon the tool
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and root radius, residual stresses were different in magnitude and were found in the range 
of +100MPa to +200MPa.
The effect of fatigue loading on relaxation of pre-existing residual stresses was studied. 
Two different modes of fatigue loading included four point bending and tension-tension 
were used. It was found that there was no significant effect of fatigue loading on the 
scribes.
It was concluded that fatigue life of these scribes should be examined with consideration 
of residual stresses which were +200MPa to +100MPa depending upon the tool. Any crack 
initiation and propagation model without supplementation of residual stress fields may 
predict more conservative lives in fatigue.
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Chapter 9: Overall Conclusions and Suggestions for 
Future Work
9.1 Conclusions
The overall aim of the project was to investigate the residual stress fields around scribes of 
different geometries produced from different tools. It was a challenging task in 
consideration of the very small and local residual stress fields for scribe marks. 
Synchrotron X-ray diffraction has been used to measure residual stress fields on a model 
aluminium alloy 5091 and the aerospace alloy 2024-T351. Four samples with scribe marks 
of different depths and root radii were investigated. The nanoindentation technique has 
also been used to extract the residual stresses from the load-displacement data and it was 
found that results from the two methods were in excellent agreement with each other.
• Work in the initial part of the thesis showed that nanoindentation load-displacement 
curves can be used to extract the true hardness of soft materials like aluminium 
alloys. Pile-up is an important issue which not only develops in stress-free 
conditions but changes with the state of residual stresses. To extract hardness from 
load-displacement data, the work of indentation technique gives best estimation.
• Wear around scribe marks have been investigated with scanning electron 
microscopy. It was revealed that the two tools A and B used to create the scribe 
marks of 5 pm root radius produced ‘ploughed’ and ‘cut’ scribes respectively. Due 
to this difference in the type of the scribes, different levels of plastic deformation 
were obtained. Scribes of 25 and 50 pm root radius were investigated as well and 
was found to produce ‘cut’ scribes.
• Finite element simulations have been carried out to model load-displacement 
curves. Forward and reverse analysis techniques were used to compare with 
experimental results of nanoindentation. Excellent agreement was obtained
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between experimental and simulated nanoindentation properties. Pile-up 
characterization was performed and it was found that the true area of contact can be 
calculated with simulations.
• Finite element simulations have been carried out to study the effect of residual 
stresses on nanoindentation properties of Al-cladding and A1 2024-T351. It has 
been found that nanoindentation properties including maximum load of indentation, 
curvature of the loading curve, elastically recovered depth, final depth, work of 
indentation and area of contacts were affected by the presence of residual stresses. 
Pile-up height and area of contact showed a non-linear behaviour with residual 
stresses in compression and tension. For experimental indentation, where 
measurement of the true area of contact included the pile-up was difficult, the area 
of contact has been extracted from its relation with Wp jW t . Once the true area of
contact was known then residual stress has been calculated based on relations 
described.
•  Strain and stress fields around scribes of different geometries produced by the 
different tools in aluminium alloys have been measured with the synchrotron X-ray 
diffraction. It has been found that the residual stress fields around scribes are 
dependent upon the tool by which they were produced. It was concluded that tool A 
produces a severe tensile stress field and work hardening around the root of the 
scribe as compared to tool B. The magnitude and extent of the stress field produced 
by tool A was twice that of tool B. With an increase in root radius of the scribe, this 
residual stress field vanishes and no effect of work hardening was obtained.
•  A nanoindentation method for the extraction of residual stresses around the scribe 
marks has been developed. In total 29 scribes of different depths and root radii 
produced from different tools were tested with nanoindentation and their residual 
stress fields have been reported. It was found that tool A scribes were difficult to
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measure due to the plastic deformation around the scribe root. To separate the 
response of work hardening from residual stress a correction factor was used. For 
tool B due to the absence of work hardening no amendment in the method was 
required. The form of the residual stress was independent of depth and root radius 
of the scribe and was found to be tensile for every scribe. Depending upon the tool 
and root radius, residual stresses were different in magnitudes and found to be in 
the range of +100 to +200MPa.
• The effect of fatigue loading on relaxation of pre-existing residual stresses was 
studied. Two different modes of fatigue loading, four point bending and tension- 
tension, were used. It was found that there was no significant effect of fatigue 
loading due to the scribes from any tool. It was concluded that the fatigue life of 
these scribes should be examined with consideration of residual stresses. These 
residual stresses depend upon the tool which produced the scribe along with the 
root radius and depth of the scribe. Any crack initiation and propagation model 
without inclusion of residual stress fields may predict very conservative lives in 
fatigue.
9.2 Future Work
Although this study has provided in-depth knowledge of scribes of different geometries 
and detailed method of extraction of residual stresses from nanoindentation load- 
displacement data, yet some issues need to be studied further.
A PhD project [1] is currently underway at Cranfield University to provide detailed
information on the influence of different scratch geometries on the initiation and growth of
fatigue cracks from scratches in clad 2024-T351 aluminium alloy. It is very important to
use calculated residual stresses from this study in to the developed model of fatigue lives
prediction from scratches and scribes in Cranfield project. This will reveal the role of
residual stresses in initiation and propagation of fatigue cracks from these scratches and
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scribes. It is highly expected that addition of the results for residual stresses would enable 
a comprehensive model of the structural integrity of scribe or scratch defects to be 
developed as cracks.
Although a significant number of scribes were investigated in this study with synchrotron 
X-ray diffraction and nanoindentation, no scribes in clad A1 2024-T351 have been studied. 
Due to the large grain size (-70-100pm ) of the cladding, the synchrotron X-ray diffraction 
method can not be applied, and additionally, presence of cladding in very thin form 
(-1 0 0 pm ) makes it difficult to analyse with nanoindentation. On the cross-section of 
samples, the effect of the substrate started to appear after 10% of the thickness of the 
cladding from the top surface. It would be very useful to study the scribe marks in cladding 
with some other technique e.g. Raman spectroscopy.
The incapability of experimental rigs to induce artificial stresses in a wide range 
necessitated the study of the effects of residual stresses on the nanoindentation response 
from finite element modelling. Finite element studies were carried out for equi-biaxial 
stresses so an improved design of experimental rig would provide an opportunity to 
explore the non-equibiaxial stress response of material more thoroughly.
9.3 References
[1] Cini, A. Scribe Marks at Fuselage Joints- Initiation and propagation of cracks from 
mechanical defects in aluminium alloys. PhD Thesis, Cranfield University, 2009.
233
